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últimos casi 5 años de mi etapa profesional junto a estos grandes investigadores. Estos años
de investigación en el seno de GRIFO han podido ser posibles gracias a la financiación con-
seguida por los investigadores responsables de mi periodo formativo. En particular el proyecto
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Resumen
El mundo actual funciona gracias a las grandes infraestructuras que dotan de enerǵıa y trans-
porte seguros a sus ciudadanos. Dichas infraestructuras (presas, diques, gaseoductos, oleoduc-
tos, puentes, ĺıneas de ferrocarril, carreteras. . . ) t́ıpicamente presentan grandes dimensiones y
es especialmente dif́ıcil monitorizar su buen funcionamiento y su salud estructural además de
protegerlas de posibles amenazas. Los sensores distribuidos de fibra óptica son una solución
fiable y rentable para esta problemática, ya que permiten medir vibraciones, deformaciones y
temperatura a lo largo de todos los puntos de una fibra óptica estándar de comunicaciones.
Los sensores de fibra óptica basados en scattering Rayleigh son particularmente útiles cuando
las medidas deben ser realizadas en tiempo real, como por ejemplo en la detección y caracter-
ización de vibraciones. En este trabajo de tesis, se ha realizado un estudio acerca de distintas
soluciones y alternativas a las limitaciones de la tecnoloǵıa φOTDR. Se ha propuesto una nueva
técnica, derivada de ésta, que ofrece unas prestaciones que superan notablemente a las de los
sistemas φOTDR tradicionales.
Para ello, en primer lugar, se ha procedido a realizar un estudio en profundidad de los funda-
mentos y el estado del arte de las técnicas de monitorización basadas en reflectometŕıa óptica en
el dominio del tiempo (OTDR, por sus siglas en inglés) y, en particular, sobre la implementación
sensible a la fase, también conocida como φOTDR.
Se ha estudiado la limitación en rango y resolución de los sistemas φOTDR principalmente
asociada a la aparición de efectos no lineales como la Inestabilidad de Modulación (MI, por sus
siglas en inglés). Actualmente, un φOTDR tradicional presenta una resolución máxima del or-
den de los 10 metros para un rango de medida del orden de pocas decenas de km (si no se aplica
ningún tipo de técnica de amplificación distribuida). Además de estudiar esta limitación y a
qué es debida, se han propuesto dos técnicas para mitigar los efectos perjudiciales de la MI. En
primer lugar, se ha realizado un estudio del efecto de la forma de los pulsos ópticos empleados en
el sensor en la traza retrodispersada en un φOTDR. Se ha podido comprobar cómo los pulsos tri-
angulares o gaussianos presentan mayor robustez que los pulsos rectangulares, tradicionalmente
empleados, frente a la MI. En segundo lugar, se ha propuesto una técnica basada en el concepto
de Amplificación de Pulsos Chirpeados (CPA, por sus siglas en inglés), que ha permitido de-
sarrollar un φOTDR con resoluciones milimétricas. Hasta el momento ningún φOTDR hab́ıa
podido llegar a tales resoluciones, lo que abre un nuevo abanico de aplicaciones a la tecnoloǵıa
OTDR donde se requiera alta resolución espacial en la medida.
También se ha estudiado la otra gran limitación de este tipo de sensores: su comportamiento
no lineal ante una perturbación. Actualmente, salvo que se implementen técnicas de recuperación
de fase o barridos en longitud de onda que implican más complejidad, coste y tiempo de medida,
no es posible realizar medidas cuantificables de temperatura o deformaciones. Del mismo modo,
tampoco se pueden realizar medidas acústicas reales. En este trabajo, en primer lugar, se pro-
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pone emplear la técnica de Reconstrucción de Fase empleando Diferenciación Óptica Ultrarápida
(PROUD, por sus siglas en inglés) para recuperar el campo complejo de una señal φOTDR. Con
esta medida, el sensor pasaŕıa a comportarse de forma lineal sin la complejidad intŕınseca de los
métodos tradicionales de detección de fase. En segundo lugar, y de aqúı viene el nombre de esta
tesis doctoral, se propone el uso de pulsos chirpeados en los sensores φOTDR. La nueva técnica
llamada Chirped-Pulse φOTDR, ha permitido la medida de forma lineal de cambios de temper-
atura y deformaciones, en un único disparo y sin la necesidad de realizar barridos en frecuencia
o implementar detección coherente. A lo largo de este trabajo, se han alcanzado resoluciones
de 0.5mK/4nε y se ha demostrado la posibilidad de hacer medidas acústicas reales. También se
han estudiado las limitaciones de esta técnica y propuesto varias soluciones. Se ha demostrado
que el ruido de fase del láser empleado en el sistema, puede ser mitigado con esta nueva técnica.
Además, se ha propuesto el uso de amplificación distribuida basada en scattering Raman estim-
ulado para alcanzar rangos de medida mayores, hasta 75 km con una resolución espacial de 10 m.
Abstract
The world today works thanks to big infrastructures, which provide safe energy and transport to
its citizens. Such infrastructures (dams, pipelines, bridges, railways, roads...) typically present
huge dimensions. Thus, the monitoring of its proper functioning and structural health and pro-
tecting them from possible threats is particularly difficult. Distributed optical fiber sensors are
a reliable and efficient solution for this problem, since they allow the measurement of vibrations,
strain and temperature along all the points of a conventional telecom fiber.
Distributed optical fiber sensors based on Rayleigh scattering are particularly useful when
real time measurements are required (i. e. vibration detection). In this work, a study about
different solutions and alternatives to φOTDR technology limitations has been realized. A new
technique, derived from φOTDR, that offers performance features that are significantly superior
to the φOTDR features, has been proposed.
To do this, first, a detailed study of the fundamentals and the state-of-the-art of the dis-
tributed monitoring techniques based on Optical Time Domain Reflectometry (OTDR), and
particularly about the phase-sensitive implementation of OTDR (φOTDR), has been realized.
The limitation in range and resolution of φOTDR systems associated to the onset of non-
linear effects such as Modulation Instability (MI) has been studied. A traditional φOTDR
presents a maximum spatial resolution of tens of meters for a sensing range about a few tens of
kilometers (if no distributed amplification technique is implemented). Two techniques for mit-
igating the non-desired MI effect were proposed. First, the impact of the probe pulse shape in
the backscatter trace of φOTDR-based sensing systems is studied. The results show that Gaus-
sian and triangular-shaped pulses present higher robustness against MI than the conventional
square-shaped pulses. Secondly, a new technique based on the concept of Chirped Pulse Am-
plification (CPA) which achieves millimetric resolutions has been proposed. This new φOTDR
performance opens to a wide range of applications where high spatial resolutions are required.
Another important limitation of these sensors has also been studied: its non-linear behav-
ior when a perturbation is applied. Unless phase recovery techniques or frequency sweeps are
implemented (increasing the complexity, cost and measurement time), quantifiable temperature
and strain sensing is not possible using φOTDR technology. In the same way, real acoustic
sensing is not possible either. To solve this, two techniques are proposed. First, the possibility
of using Phase Reconstruction Using Optical Ultrafast Differentiation (PROUD) for recovering
the complex field of the backscattered φOTDR signals is analyzed. Implementing PROUD, lin-
ear measurements would be possible without the intrinsic complexity of traditional coherence
detection. Secondly, the use of chirped-pulses in φOTDR sensors is proposed. The new tech-
nique has been named Chirped-Pulse φOTDR. This new technique allows for the measurement
of distributed strain and temperature changes, in a single shot and without the requirement of
a frequency scan or coherent detection. Temperature/strain resolutions of 0.5mK/4nε and real
v
acoustic sensing have been demonstrated along this work. The limitations of this technique have
also been studied and some solutions proposed. A method for mitigating the induced uncer-
tainty introduced by the laser phase noise is proposed. Furthermore, the sensing range of this
new sensor is increased using distributed amplification based on stimulated Raman scattering,
achieving a sensing length of 75 km with 10 m spatial resolution.
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Large infrastructures have played a very important role in the development of civilizations from
the beginning of humanity. The evolution of these facilities has been one of the key points in the
periods of the history in which humans have got relevant improvements in their quality of life.
Nowadays, they are very present around as. Dams and dikes are able to control water level in
rivers and coasts. This in turn provides water supply, energy generation and land reclaiming from
the sea. Furthermore, connection between cities and countries would not be possible without the
use of bridges, highways, railways and airports. Unquestionably, all these infrastructures, and in
general most of the services that society demands, require the production and transport of energy
by means of power stations, pipelines and high power lines. What all these infrastructures have
in common is that a failure or damage in their integrity (deliberate or not) can result in huge
material, environmental and human losses. For this reason, it is fundamental the continuous
monitoring of these structures for their integrity preservation, controlling their structural health
or anticipating possible threats.
Until the end of the 20th century, the use of electrical sensors has been widely developed.
However, these may not be suitable for some applications. Some structures can present strong
electromagnetic fields that can disturb the reading of the sensors, such railways or energy trans-
portation. Additionally, on corrosive environments or with risk of deflagration, the use of these
sensors is not adequate either. Using the same examples, these structures are typically char-
acterized by being considerably large and they can cover tens of kilometers. In that case, long
cables are required which transfers noise to the signal and also a great amount of attenuation,
thus limiting the maximum distance among the sensing elements. Furthermore, the complexity,
price and weight of the sensing grid is increased when hundreds or thousands of sensing points
are required for the full characterization of large structures.
Due to these impediments, in 1960s, fiber optic sensors attracted considerable attention
thanks to their interesting capabilities and properties [1]. Optical fiber presents ultra-low loss
(from 0.20 dB/km to 0.35 dB/km), large bandwidth, immunity to electromagnetic interference,
low cost, small size and light weight. They can measure physical, chemical, biological or other
quantities by detecting the variations of optical properties, such as intensity, frequency, po-
larization and phase. The most well-known fiber sensor is the Fiber Bragg Grating (FBG),
which reflects a temperature/strain-dependent light wavelength [2]. It is considered a punc-
tual sensor due to the physical parameter is measured in the fiber position where the FBG is
placed. Using many FBG sensors, by means of wavelength multiplexing, it is possible to develop
quasi-distributed sensing. However, it increases the system complexity and cost.
Distributed Optical Fiber Sensors (DOFSs) allow for the continuous measurement of different
physical parameters (temperature, strain, birrefringence...) over long fiber distances and there-
fore provide a cost-effective solution for the monitoring of large civil infrastructures. DOFSs
are based on Rayleigh, Brillouin or Raman scattering phenomena, which depend on strain,
temperature or birrefringence changes within the optical fiber [3].
Using Raman-based sensing for static measurements, spatial/temperature resolutions of
1m/3K have been demonstrated over 26 km with measurement times of a few minutes [4, 5].
With traditional Brillouin Optical Time Domain Analysis (BOTDA), spatial/temperature/s-
train resolutions of 2m/1.2K/20µε over 100 km have been demonstrated [6], but, due to the
requirement of a large of number averages and a frequency sweep, the measurement times are
still typically of several minutes. Recently, schemes using Brillouin based sensing have been
proposed for dynamic strain sensing [7–10]. In 2011, samplings of 20 Hz were demonstrated in
a version of Brillouin Optical Correlation Domain Analysis (BOCDA) [7]. However, the range
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is typically limited to 100 m in this type of sensors. With a fast implementation of BOTDA [8],
samplings of 10 kHz with a standard deviation of strain/temperature of 5µε/0.25K were demon-
strated, although the technique was best suited for short fibers (100 meters in [8]) and a low
number of averages, as a frequency sweep was still required. The same group later demonstrated
a practical utilization of the slope-assisted BOTDA to allow for strain measurements without
requiring a frequency sweep [9]. In this case, the dynamic response is achieved by working tuned
to the slope of the Brillouin gain response of the fiber. The proposed technique presented sev-
eral limitations when compared to the conventional BOTDA, particularly concerning the strain
dynamic range, which is limited by the width of the Brillouin gain spectrum of the tested fiber.
Brillouin Optical Time Domain Reflectometry (BOTDR) implementations also allow to do dy-
namic strain measurements over 2 km with an accuracy of 50µε/2.5K and spatial resolution of
1.3 m [10]. However, sampling ratios higher than few Hz have not been achieved.
Rayleigh-based sensing is the technique in which this dissertation is focused on. It typically
requires lower averaging than Raman or Brillouin, and is therefore better suited for dynamic
measurements as vibration/acoustic sensing. In the frequency domain, Optical Frequency Do-
main Reflectometry (OFDR) can provide high spatial resolutions [11–18], but is typically limited
to short fiber sections due to the sweeping laser requirements. As for measurements in the time
domain, Phase-Sensitive Optical Time Domain Reflectometry (φOTDR) can perform measure-
ments over 100 km with spatial resolutions of a few meters [19–27]. However, true strain/tem-
perature readings can not be performed with this system unless complex coherent detection
methods are deployed [28–33].
On the one hand, traditional φOTDR (without coherent detection) allows for distributed
vibration measurements with a high bandwidth, only limited by the fiber length, ranging from
tens of kHz for a few kilometers [34,35], to hundreds of Hz for more than 100 km [21–23]. These
measurements however, are based on intensity variations of the φOTDR signal which does not
show a linear variation with the applied perturbation. On the other hand, by precisely sweeping
the frequency of the pulses step by step, φOTDR has been shown to allow for very sensitive
measurements of refractive index variations, which can be used for very high resolution temper-
ature [36], strain [37] and birefringence [38, 39] measurements. For instance, the demonstrated
strain/temperature resolutions of 10nε/1mK [37] are three orders of magnitude below the typical
resolutions of 20µε/1K provided by Brillouin sensors. However, due to the requirements of a
frequency scan, in this case the measurement time and complexity of the system is increased.
Thus, generally this technique is not well-suitable for dynamic sensing. By recovering the phase
of the φOTDR signal, the dynamic measurement of strain has been demonstrated [31–33]. In
this case however, the system is more complex and laser coherences of at least the fiber length
are required in order to avoid noise when beating the signal with the local oscillator. The long
term-stability of such systems (i.e. after several minutes or hours) and therefore feasibility for
static temperature measurements over several hours has also not been clearly addressed either.
Moreover, some applications require high resolution measurements, in some cases, millimetrical
resolutions. This is the case of wall or pipeline crack development monitoring. To achieve these
high resolutions it is required to employ extremely short pulses, reducing considerably the Signal
to Noise Ratio (SNR) of the system which makes the measurement impossible in some cases.
Overall, this thesis is motivated by the mentioned two main limitations: the Signal to Noise
Ratio and non-linear response of the φOTDR measurements. First, the beneficial effect of using
Gaussian and triangular-shaped pulses against Modulation Instability is demonstrated. Second,
or the first time to our knowledge, it is proposed a φOTDR capable to develop millimeter spa-
tial resolution measuring. Thirdly, the possibility of using Phase Reconstruction using Optical
Ultrafast Differentiation (PROUD) for linear sensing is discussed. Fourthly, a φOTDR based
sensor that varies linearly with the applied perturbations is proposed. Thus, allowing for the
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measurement of distributed strain and temperature changes, in a single shot and without the
requirement of a frequency scan or coherent detection. Finally, the performance is improved by
mitigating the effect of the laser phase-noise on this new sensor and increasing the sensing range
using distributed amplification.
1.2 Objetives
From the previously cited motivations, the following objectives have been addressed over this
thesis work:
• To study the main optical effects that light suffers when propagates through optical fibers
relevant to distributed optical fiber sensors.
• To perform a broad study of the current limitations of the conventional φOTDR sensing
scheme, especially the non-linear behavior with the applied perturbations and the SNR.
• To analyze the impact of the probe pulse shape in the backscattered trace of φOTDR-based
sensing systems.
• To propose a φOTDR combined with Chirped Pulse Amplification (CPA) concepts to
perform a millimeter spatial resolution φOTDR by increasing the SNR of the system.
• To analyzed the possibility of implementing Phase Reconstruction using Optical Ultrafast
Differentiation (PROUD) in φOTDR to turn the sensor into lineal.
• To provide a method based on φOTDR using chirped pulses to allow for the measurement
of distributed strain and temperature changes, in a single shot and without the requirement
of a frequency scan or coherent detection. This new sensing method will be named Chirped-
Pulse φOTDR.
• To analyze the impact of the laser phase-noise in Chirped-Pulse φOTDR systems and to
propose a method to mitigate this detrimental effect.
• To increase the maximum measurable range of Chirped-Pulse φOTDR using first-order
Raman amplification.
1.3 Structure of the Work
The work is divided in eight chapters. The six main ones content the eight objectives treated in
this thesis dissertation and defined in the previous section:
• Chapter 2: “General Concepts in Fiber Optics” covers the basic theoretical fundamentals
of the physical processes that take place within the fiber when implementing a φOTDR
sensor. Losses and dispersion are discussed as linear effects. Then, some non-linear ef-
fects relevant to the content of the thesis are discussed: non-linear refraction, Self-Phase
Modulation (SPM) and Modulation Instability (MI). The concept of Chirped Pulse Am-
plification (CPA) is introduced since it is the basis of Chapter 8. φOTDR is based on
the use of highly coherent sources. To understand the concept of optical coherence, it is
also explained in this chapter. All fiber sensors and distributed amplification processes are
based on scattering processes. Thus, the three scattering processes (Rayleigh, Brillouin
and Raman) are explained at the end of this chapter.
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• Chapter 3: “φOTDR: Principles, Limitations and State of the Art” focuses on the principle
of operation enabling the sensing technique, its main limitations and the current state of the
art, providing an insight on some of the most-used approaches to enhance the performance.
• Chapter 4: “Addressing the Limits of φOTDR” presents two techniques to increase the
SNR in φOTDR systems and one to turn φOTDR into linear. In the first part, the impact
of the probe pulse shape in the backscattered trace of φOTDR-based sensing systems is
analyzed. The tested shapes were: Gaussian-like, triangular, super-Gaussian (order 2),
and rectangular. The results show Gaussian and triangular-shaped pulses show a better
behavior in terms of evolution of the visibility along the distance, which should reflect
into a better sensing performance. In the second part, the possibility of using CPA to
increase the SNR in φOTDR systems is presented. An SNR increase of 20 dB over the
traditional φOTDR architecture is demonstrated. This method allows for the detection of
events with millimeter spatial resolution. Finally, the use of Phase Reconstruction using
Optical Ultrafast Differentiation (PROUD) in φOTDR systems is analyzed. PROUD is a
self-referenced technique which allows recovering the instantaneous frequency and phase
of arbitrary optical signals in which no local oscillator is required. Thus, the method does
not present polarization or phase-noise impediments. PROUD requires a linear optical
filter with a bandwidth little wider than the optical signal to sample. Since the employed
optical pulses in a traditional φOTDR present tens or at most a hundred of MHz, the
required filter is not common. For this reason, no experimental phase-recovery of φOTDR
signal has been developed since the laboratory did not have the adequate optical filter.
The possibility of implementing PROUD to φOTDR signals is analyzed recovering the
instantaneous frequency profile of optical pulses which have suffered non-linear propaga-
tion. Since the bandwidth of these pulses was around GHz, a simple and cheap Dense
Wavelength Division Multiplexer (DWDM) allow us to develop the measurements. The
technique shows a great potential if the optical filter fits correctly with the optical signal.
• Chapter 5: “Chirped-Pulse Phase Sensitive Optical Time Domain Reflectometry” presents
a new method based on φOTDR using chirped pulses to allow for the measurement of
distributed strain and temperature changes, in a single shot and without the requirement
of a frequency scan or coherent detection. Temperature/strain resolutions of 0.5mK/4nε
and real acoustic sensing are demonstrated in this chapter.
• Chapter 6: “Laser Phase-Noise Cancellation in Chirped-Pulse φOTDR” presents a theo-
retical and experimental analysis of the impact of the laser phase-noise in Chirped-Pulse
φOTDR systems. Besides, a simple technique is presented to mitigate this effect. A SNR
increase of 17 dB when this technique is implemented is demonstrated.
• Chapter 7: “Long Range Chirped-Pulse φOTDR” presents a Chirped-Pulse φOTDR as-
sisted by first-order Raman amplification. Vibration measurements along 75 km with 10
meter spatial resolution are demonstrated.
Chapter 2




In this chapter, we will describe some of the most relevant effects that can affect to the charac-
teristics of any optical wave when it is traveling in a medium. Most of the times, the explanation
and the theoretical models will be focused on fiber optics since it is the medium employed in
this dissertation.
Firstly, the propagation of light in the linear regime will be described, presenting an overview
of the losses and chromatic dispersion. Then, we will continue with the non-linear effects, which
have a detrimental effect on the proper performance of our systems. The non-linear effects
discussed are: the non-linear dependence of the refractive index on the optical power, the Self-
Phase Modulation (SPM) and the Modulation Instability (MI). Next, it will be proposed the
concept of Chirped Pulse Amplification (CPA) as a method to avoid the advent of non-linear
effects in amplification processes. As it will be explained in future chapters, the sensor with
which we have worked during this dissertation is based on Rayleigh scattering. Furthermore,
Raman scattering was implemented in order to increase the maximum measurable range of
the sensor. Thus, it is important to have a good understanding of the scattering effects. For
this reason, an explanation of the physical principles behind Rayleigh and Raman scattering is
developed in this chapter.
2.2 Interaction Light-Matter in Fiber Optics










where t is the time parameter and c and µ0 are the speed of light and the magnetic permeability
in the vacuum, respectively. This relationship comes from the Faraday’s Law considering some
particularities of the optical fiber: it is a non-magnetic and dielectric medium (the induced
magnetic polarization is zero and there are not free charges present) [40].
The relation between the induced polarization P and the electromagnetic wave E can also
be expressed as a power of series as:
P(r, t) = ε0 ·
(
χ(1) ·E(r, t) + χ(2) : EE(r, t) + χ(3)
...E(r, t)E(r, t)E(r, t) + . . .
)
(2.2)
where ε0 is the electric permittivity of free space and χ
(1) and χ(n) (n = 2, 3, . . .) are the tensors
that describe the linear and non-linear relationship between the polarization and the electric
field, respectively. Thus, the induced polarization response in Equation 2.2 can be divided into
two terms:
P = PL + PNL (2.3)
Typically, for condensed matter, χ(1) is of the order of the unit, χ(2) ≈ 10−12 m/V and χ(3) ≈
10−24 m2/V2 [41]. For this reason, non-linear propagation should be considered only when high
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power is injected in a medium. If so, in our work regimes during this thesis, models can describe
well the non-linear propagation neglecting χ(n) of higher orders than three. Furthermore, as
it was previously mentioned, the thesis is focused on distributed fiber sensors. Hence, the
propagation medium will be always optical fibers and particularly silica (SiO2) fibers. Since
SiO2 is a symmetric molecule and therefore its structure presents inversion symmetry, the even
tensors χ(2n) (n = 1, 2, . . .) are zero.
2.3 Linear Propagation
The propagation of an electromagnetic wave E through a medium is considered lineal when the
optical power is below levels at which the non-linear coefficients become relevant. In that case,
the induced polarization response PL of the medium to this electromagnetic wave is:
PL(r, t) = ε0 · χ(1) ·E(r, t) (2.4)
where r is the position vector and χ(1) is the linear optical susceptibility which can be described




where ω is the optical frequency. The frequency dependent refractive index n, attenuation α
and relative permittivity εr of the fiber are related to χ
(1) through [40]:





εr(ω) = 1 + χ(1)(ω) (2.8)
The relative permittivity is defined as the ratio of the absolute permittivity of the material
ε and the permittivity of vacuum ε0 (εr(ω) = ε(ω)/ε0). Considering only the linear induced









Substituting Equation 2.4 in 2.9, considering that the speed of light in the vacuum is defined
as c = 1/√µ0ε0 and assuming no losses within the fiber, the electric field E in the frequency




Ẽ = 0 (2.10)
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The generic Equation 2.10 can be solved considering the three components (x, y and z). In
the case of optical fibers however, considering the cylindrical symmetry, usually only one axis
is considered, typically Ẽz(r, ω). Developing the variable separation method, the fundamental
mode propagated in the fiber is:
Ẽz(r, ω) = Ã(ω) · F (ρc) · exp (iβz) (2.11)
where ρc is a radial coordinate (there is cylindric symmetry), Ã(ω) is an amplitude term, z is the
traveled distance and β is the fiber propagation constant. The distribution of the fundamental
mode field F (ρc) follows a Gaussian approachable law through:








where ρcw measures the effective radius that occupies the mode. The 2ρcw quantity is denomi-
nated as the diameter of the modal field [42].
2.3.1 Optical Losses: Absorption and Scattering
Optical signals suffer power losses during their propagation along silica fibers. This attenuation
can be described by the following decreasing exponential [40]:
PT (L) = P0 · e−αL (2.13)
where P0 is the power launched at the input of a fiber, PT (L) is the power after traveling along
a distance L and α is the attenuation constant of the total fiber losses from all sources of that










The main sources of attenuation in an optical fiber can be broadly classified into two groups:
absorptive and radiative [43].
Regarding absorption losses, silica glass has electronic resonances in the Ultraviolet (UV)
region and vibrations resonances in the Far-Infrared (FIR) region. However, the most important
impurity affecting fiber loss is the OH− ion, which has a fundamental vibrational absorption
peak at ∼ 2.73 µm and three overtones near 1.37 µm, 1.23 µm and 0.95 µm [44].
Finally, Rayleigh scattering is predominantly responsible for radiative losses. It is a funda-
mental mechanism that is caused by small-scale (compared to the wavelength of the lightwave)
inhomogeneities that are frozen into the fiber. These inhomogeneities are produced during the
fabrication of the fiber and results in composition and density fluctuations. The loss due to
Rayleigh scattering is proportional to λ−4 and follows the next relation:
αR(λ) = CR/λ4 (2.15)
12 General Concepts in Fiber Optics
where the constant CR is in the range of 0.7-0.9 dBµm
4/km depending on the constituents of the
fiber core. Around λ = 1.55 µm, the attenuation due to Rayleigh scattering is αR = 0.12–0.15
dB/km, being the dominant loss in silica fibers.
Figure 2.1 shows the typical loss spectrum of an optical silica fiber. It is easy to observe the
relative minimum of losses between the OH− absorption peak and the infrared (near 1.55 µm).
Here, the modern fibers exhibit a loss of ∼ 0.2 dB/km.
Figure 2.1: Loss spectrum of a silica fiber [43].
2.3.2 Phase Velocity, Group Velocity and Chromatic Dispersion
Fiber dispersion plays a critical role in the propagation of short optical pulses because different





Mathematically, the effects of fiber dispersion are accounted for by expanding the fiber
propagation constant β in a Taylor series around the frequency ω0 at which the pulse spectrum
is centered [40]:
β = ω · n(ω)
c
= β0 + β1(ω − ω0) +
1
2β2(ω − ω0)








(m = 0, 1, 2, . . .) (2.18)
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Group velocity (vg) is defined as the derivative of the frequency versus the propagation







Group velocity is the velocity at which the envelope of an optical pulse moves through the
fiber. Since β and ω are not necessarily linearly related (see Equation 2.17), vp and vg are not
necessarily equal.
The variation of the group delay experienced by the different spectral components around















where τg is the group delay for unit of length. Therefore, β2 is responsible for the temporal
broadening of the pulses that propagate in linear regime along the fiber and it is known as
Group-Velocity Dispersion (GVD) parameter [40,45]. Another parameter commonly used in the







where β2 is measured in ps
2 · km−1 and D in ps · nm−1 · km−1. Figure 2.2 shows two different





































































Figure 2.2: Different representations of the chromatic dispersion effect. (a) Chromatic dispersion
coefficient as a function of λ for different optical fibers; (b) Pulse behavior in an anomalous
chromatic dispersion fiber [46].
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As it can be observed in Figure 2.2(a), D can be zero at a certain wavelength, which is known
as the zero dispersion wavelength λD and depends on the fiber-design parameters such as core
radius and core-cladding index difference. Above this wavelength (D > 0, β2 < 0) fibers show a
dispersion regime known as anomalous (which effect on a gaussian pulse is represented in Figure
2.2(b)), and below (D < 0, β2 > 0) the propagation is developed at normal dispersion regime.
During the fabrication process, it is possible to shift the zero-dispersion wavelength λD in
the vicinity of 1.55 µm where the fiber loss is minimum. Such dispersion-shifted fibers [47] have
found important applications in optical communication systems, since dispersion can be mini-
mized, thus bounding the chromatic distortions. There is another type of fibers which allow to
compensate the induced dispersion. They are known as Dispersion-Compensating Fibers (DCFs)
and exhibit a large positive value of β2. The chromatic dispersion can be also compensated us-
ing Linearly-Chirped Fiber Bragg Gratings (LC-FBGs). This element allows to compensate or
induce (depending on the β2 sign) high dispersion with low losses. It is particularly useful to
develop Chirped Pulse Amplification [48, 49]. This technique will be described in Section 2.5,
since it has been implemented in one of the developed sensors in this thesis (see Section 4.3 in
Chapter 4).
2.4 Non-Linear Propagation
In this section, we discuss processes in which the medium/propagation properties are dependent
on the optical power in the medium (i.e. Non-linear). The induced polarization in a medium
when an electromagnetic wave E propagates through shows non-linear behavior when the optical
power levels are high enough for the nonlinear coefficients χ(n) (n = 2, 3, . . .) to become relevant.
As it was explained before, the even tensors χ(2n) (n = 1, 2, . . .) are zero in silica optical fibers
and higher order than χ(3) can be neglected in our work regimes. Thus, similarly to the linear
polarization PL term, defined previously in Equation 2.4, the non-linear polarization term PNL
is described as:
PNL(r, t) = ε0 · χ(3)
...E(r, t)E(r, t)E(r, t) (2.22)









xyyx. The molecular contributions to χ(3) (Raman effect) can be neglected
assuming instantaneous response, since the Raman response occurs over a time scale 60–70 ps.
Considering a >1 ps monochromatic wave E then PNL will have a term oscillating at frequency
ω and another at 3ω (Third-Harmonic Generation - THG). However, the THG term requires
phase-matching and is usually negligible in optical fibers. In this case, PNL will be given by [40]:
PNL(r, t) ≈ ε0εr,NL ·E(r, t) (2.23)







Thus, the dielectric constant will be defined as:
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εr(ω) = 1 + χ(1)(ω) + εr,NL (2.25)













To obtain the slowly varying amplitude of E(r, t), it is more convenient to work in the Fourier
domain:
Ẽ(r, ω − ω0) =
∫ ∞
−∞
E(r, t)exp[−i(ω − ω0)t]dt (2.27)
where ω0 is the central angular frequency of the electromagnetic wave. Substituting Equations
2.4 and 2.23 in Equation 2.26, and working in the frequency domain, we found that it is satisfied
the next Helmholtz equation [40]:
∇2Ẽ + ε(ω)k20Ẽ = 0 (2.28)
where k0 = ω/c. Therefore, Equation 2.28 can be solved by using the method of separation of
variables, in which is assumed a solution of the form:
Ẽ(r, ω − ω0) = F (x, y)Ã(z, ω − ω0) exp (iβ0z) (2.29)
where Ã(z, ω) is the slowly varying function of z and β0 is the wave number. Considering from
Equations 2.12 and 2.17 that the higher-order terms are small if the pulse is monochromatic









+ α2A = iγ|A|
2A (2.30)
where A is the scalar envelope of the electric field normalized to the optical power of the pulse




where n2 is the non-linear refractive index and will be presented better in the next subsection
and Aeff is the effective area of the guided mode and presents a typical value of 50 µm
2 for
conventional Single Mode Fibers (SMF) at 1550 nm. Equation 2.30 is commonly known as
Non-Linear Schrödinger’s Equation (NLSE) [40] due to its similarities to Schrödinger’s equation
with a non-linear potential.
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2.4.1 Non-Linear Refraction
Several of the non-linear effects in optical fibers are originated from non-linear refraction (Kerr
effect), a phenomenon referring to the refractive index dependency on the optical intensity
propagating. This dependence can be expressed as [40,41]:
n = n0 + n2|E|2 (2.32)
where n0 and n2 are the linear and non-linear refractive indexes, respectively. These parameters
















The value of n2 is very small in optical fibers (≈ 2 · 10−20 m2W−1). However, the obtained
modulation in the refractive index for high powers and long distances is enough to notice phase
differences. This intensity dependence of the refractive index leads to the Self-Phase Modulation
(SPM) and Modulation Instability (MI) effects, among others. However, SPM and MI are the
most relevant effects to this thesis that will be described in the following subsections.
2.4.2 Self-Phase Modulation − SPM
Self-Phase Modulation (SPM) can be described using the NLSE (see Equation 2.30). However,
the analytical solution is obtained more easily redefining the time reference and simplifying some
terms in Equation 2.30. First, the time reference is changed to follow the pulse propagation as:
τ = t− z/vg
T0
(2.35)
where T0 is the temporal pulse length. As it was explained before, A is the scalar envelope of the
electric field normalized to the optical power of the pulse (|A|2 = P0). Thus, it can be written




Finally, if the losses within the fiber and the dispersion of the group velocity are considered
inexistent, Equation 2.30 can be rewritten as:
∂U(z, τ)
∂z
= iγP0|U(z, τ)|2U(z, τ) (2.37)
Solving the differential Equation 2.37, the transmitted pulse after a distance L through an
optical fiber is:
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U(L, τ) = U(0, τ) · eiφNL (2.38)
where the non-linear phase φNL induced by SPM is:
φNL = γP0|U(z, τ)|2L (2.39)
From Equation 2.39 it can be observed that the induced non-linear phase depends on the










Here it is shown that the instantaneous frequency will displace to the red-color region in the
rising edge of the pulse (∆ω < 0) and to the blue-color region in the falling edge (∆ω > 0). This
is effectively evidenced as a broadening of the pulse spectrum although, not in the temporal
shape. This phenomenon will be an important limitation in Chapter 4 (Section 4.3).
2.4.3 Modulation Instability − MI
Modulation Instability (MI) results from the interplay of Kerr effect and anomalous GVD (β2 <
0, D > 0). In the spectral domain, MI results in the appearance of two gain sidebands on each
side of the central wavelength [50,51]. It can be described using the NLSE 2.30 considering that







where T = t− z/vg = t− β1z. The stationary solution to this equation is [46]:




This solution, however, is not stable against perturbations. It can be demonstrated that
small perturbations a(z, T ) in A will evolve as [40,41,46]:
a(z, T ) = a1ei(Kz−ΩT ) + a2e−i(Kz−ΩT ) (2.43)
where K and Ω are the wave number and the angular frequency of the perturbation a(z, T ),
respectively, and satisfy the dispersion relation [40,46]:
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Figure 2.3: MI gain spectrum for a 10-km lossless SMF with different input powers and typical
parameters β2 = −22 ps2 and γ = 1.8 W−1km−1 [51].
Figure 2.4: MI spectra measured for different levels of input power in a standard SMF with
L = 11.1 km and γ = 1.6 W−1km−1 [51].
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Some important conclusions can be obtained from Equation 2.44. If the sign of β2 is positive,
then the wave number K is real at any frequency around the central frequency. Thus, all the
solutions will have constant amplitude and the stationary solution of the Equation 2.41 will be
stable in the presence of small perturbations. However, for negative values of β2 (anomalous
GVD), K becomes imaginary for frequencies |Ω| <
√
4γP0β−12 , and the amplitude of these
perturbation frequencies will grow exponentially with z. The gain spectrum gMI due to MI is






where gMI(Ω) = 2Re(K). The two maximums of gMI are situated at Ωmax = ±
√
2γP0/|β2| and
its value is gMI(Ωmax) = 2γP0 [46]. The spectrum of gMI(Ω) is shown in Figure 2.3 obtained
with different input powers, showing clearly the appearance of spectral sidebands symmetrically
placed around ω0.
Figure 2.4 plots the output spectrum of a 11.1 km long standard SMF for different levels of
input peak power. We can see the onset of modulation instability at powers around 300 mW
and by increasing the optical power the amplitude and spectral width of MI gain sidebands
increase [51].
2.5 Chirped Pulse Amplification − CPA
The onset of non-linear effects in optical amplifiers limits the amplification of optical pulses.
These non-linear effects appear when the pulse presents enough peak power before amplification.
In 1985 the concept of Chirped Pulse Amplification (CPA) in optics regime was proposed to solve
this problem [48].
The technique involves the physical time stretching and amplification of an ultra-short optical
pulse in a dispersive medium, followed by the compression of the amplified pulse using the
conjugated dispersive medium. To describe this process, we define first the complex envelope







where Φ̈ is the second-order dispersion coefficient of the dispersive device. It can be calculated
from an equivalent fiber with length z and GVD coefficient β2 as Φ̈ = β2z. After this process,
the pulse has been temporally stretched and hence, the peak power is reduced to maintain the
total amount of energy. For this reason, now the pulse can be amplified without the advent
of non-linear effects. Considering G the total gain in this amplification process, the resulting
amplified pulse is:
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Finally, the dispersed and amplified pulse Pampl(ω) is recompressed compensating the induced
dispersion by a second dispersive device with the same value but opposite sign than the first
one:




ω2 = G · Pin(ω) (2.48)
which represented in the temporal domain is:
Pfinal(t) = G · Pin(t) (2.49)
The resulting optical pulse from the CPA process has the same characteristics as the initial
pulse (temporal length and spectral content) but higher energy (Equation 2.49). Thus, CPA is
an interesting technique when high energy optical powers are employed and it is necessary to
avoid the advent of non-linear effects.
2.6 Optical coherence
The concept of coherence is essential for the understanding of the bases of the proposed sensor,
particularly the concept of temporal coherence.
2.6.1 Temporal coherence
Temporal coherence is a measure of the degree of correlation between the phase of the electric
field at two different instants t1 y t2 [52, 53]. For a stationary wave, the degree of temporal





where τ = t2 − t1 is the delay time. g(r, τ) is the complex degree of temporal coherence, which
is defined as:
g(r, τ) = 〈U
∗(r, t)U(r, t+ τ)〉
〈U∗(r, t)U(r, t)〉 (2.51)
where U(r, t) is the complex wavefunction. The numerator in Equation 2.51 is known as the
autocorrelation function G(r, r). The absolute value of g(r, τ) takes values between 0 and 1
0 ≤ |g(r, τ)| ≤ 1. Zero corresponding to a totally incoherent source and one corresponding to
a perfectly monochromatic light. Furthermore, a perfectly monochromatic light has an infinite
coherence time τc and a Dirac delta Power Spectral Density (PSD).
This idea is represented in Figure 2.5(a). However, a real light source presents a finite
coherence time. Thus, g(r, τ) = 1 in τ = 0 and drops for increasing values of τ , approaching
zero for sufficiently large values of τ (see Figure 2.5(b) - middle) [54]. The coherence length lc
of a light source is defined as:
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lc = c/nτc (2.52)
where n is the refractive index of the propagation medium. When the coherence time τc is much
greater than the length of the interferometers encountered in the optical system (or, equivalently,
the coherence length is much longer than the optical path-length difference), the light source
can be considered completely coherent [53].
(a) (b)
Figure 2.5: Representation of the temporal coherence concept. (a) An ideal perfect monochro-
matic wave presents a Dirac delta PSD and an infinite coherence time. Its superposition with a
copy of itself delayed by any time τ gives constructive interference (top) and a constant and unity
value of |g(τ)| (middle). (b) Representation of a real partially coherent wave: autocorrelation
(top); magnitude of its complex degree of temporal coherence and coherence time τc (middle);
power spectral density and spectral width ∆f (bottom) [54].
The coherence time τc is related with the spectral width ∆f of the light source by [52,53]:
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τc∆f ∼ 1/π (2.53)
where ∆f is the Full Width at Half Maximum (FWHM) of the optical spectrum. Equation 2.53
is valid for Lorentzian shape spectrum, the most common one.
According to Equation 2.53, a highly coherent laser (quasi-monochromatic) presents a great
coherence time. For example, a laser with a linewidth of ∆f = 1 MHz presents a coherence time
of τc = 0.32 µs and a coherence length of lc = 64 m (considering a SMF and n = 1.5).
In Table 2.1 we compare the coherence length (for SMF) and spectral bandwidth ∆f of
different light sources:
Source ∆f (Hz) τc = 1/π∆f lc
Filtered sunlight (λ = 0.4− 0.8 µm) 3.74× 1014 0.9 fs 170 nm
Supercontinuum (λ = 1550 nm, ∆λ = 200 nm) 2.5× 1013 13 fs 2.5 µm
Light-emitting diode (λ = 1 µm, ∆λ = 500 nm) 1.5× 1013 20 fs 4 µm
Low-pressure sodium lamp 5× 1011 640 fs 130 µm
Multimode He-Ne laser (λ = 633 nm) 1.5× 109 210 ps 4 cm
Single-mode He-Ne laser (λ = 633 nm) 1× 106 320 ns 64 m
Semiconductor laser RIO PLANEXTM (λ = 1550 nm) < 1× 103 > 320 µs > 64 km
Table 2.1: Coherence length in SMF (n ≈ 1.5) and spectral bandwidth of different light sources
[53].
As it will be introduced in the next section and studied deeply in the next chapter, Phase-
Sensitive Optical Time Domain Reflectometry (φOTDR) resembles to the use of an interferom-
eter with the size of the optical pulse. In this case, the coherence length of the used optical
source will be directly related to the noise of this interferometer, and therefore this technique
requires the use of a light source with a coherence time much greater than the optical pulses
duration. Thus, the use of a highly coherent laser will be imperative in this technique.
2.7 Scattering Effects in Fiber Optics
When the light is propagated, the photons can be absorbed by the atoms or molecules of the
medium. Then, other photons with different direction, frequency or phase are emitted. This
process is known as scattering and it is represented in Figure 2.6.
If the medium is dense and perfectly homogeneous, light can be scattered only in the forward
direction [55]. To demonstrate this, we suppose that a volume element δV1 scatters light into
the θ direction. However, for any direction, for except the exact forward direction (θ = 0), there
must be a nearby volume element (labeled δV2) whose scattered field interferes destructively
with that from δV1. Since the same argument can be applied to any volume element in the
medium, we conclude that there cannot be scattering in any direction except θ = 0 [41]. This
is the basis of the origin of the refractive index [56]. In contrast, scattering in all directions
can occur as the result of fluctuations in any of the optical properties of the medium. For
example, if the density of the medium is nonuniform, then the total number of molecules in a
volume element δV1 may not be equal to the number of molecules in a volume element δV2, and
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Incident beam
Scattering medium
Figure 2.6: Scattering phenomena representation.
consequently, the destructive interference between the fields scattered by these two elements will
not be exact [41].
The scattering can be considered linear (spontaneous) if the light power is lower than a
certain threshold or non-linear (stimulated) if it is higher [45]. In the spontaneous case, the
response of the medium remains unchanged in the interaction with light. On the contrary, the
optical properties of the medium are changed in the stimulated case [57].
Depending on whether the scattered photons present the same or different frequency, the
scattering is considered elastic or inelastic, respectively. Following this criterion, the three
scattering processes that appear in optical fibers [45,58] are:
• Elastic Scattering: The incident and scattered photons have the same energy (and therefore
the same frequency) and there is no exchange of energy with the medium. However, since
the scattered photon can have a different direction of propagation from that of the incident
photon, the medium can absorb momentum.
– Rayleigh Scattering: It is the unique elastic scattering phenomenon since it does not
produce a frequency shift. It arises from non-propagating density fluctuations of the
medium which could result from degree variations of molecular organization states.
In optical fibers Rayleigh scattering is one of the main mechanisms leading to losses,
as it was discussed in Section 2.3.1.
• Inelastic Scattering: The incident and the scattered photons have different energies (and
therefore different frequencies), due to the medium absorption or release of energy. If the
energy of the incident photon is higher than the energy of the scattered photon (i.e. the
medium absorbs energy), the process is called Stokes scattering, and if it is lower (i.e. the
medium releases energy), the process is called Anti-Stokes scattering.
– Brillouin Scattering: It is an inelastic scattering process originated from propagating
pressure waves, generated by acoustic phonons, whose frequency shift is determined
by the acoustic velocity in the medium.
– Raman Scattering: It is a highly inelastic scattering process since the interaction is
developed between photons and optical phonons. This arises since the nature of the
process is based in the interaction between light and molecular vibrational modes.
The three scattering process explained before are represented in Figure 2.7. As it is shown,
the induced frequency shift by Brillouin and Raman scattering is ∼11 GHz and ∼13 THz from










Figure 2.7: Different spectral components arisen from scattered light in an inhomogeneous
medium [59].
the incident wave, respectively. These approximated values are reliable if the incident wave is
centered around 1550 nm.
The induced frequency shift by Brillouin scattering, known as Brillouin Frequency Shift
(BFS) depends linearly on strain/temperature (CνBε ≈ 50 MHz/µε and CνBT ≈ 0.95 MHz/K
at 1550 nm for typical SMFs). For this reason, Brillouin scattering is widely used in the field of
distributed optical fiber sensors for strain and temperature sensing [6]. Furthermore, this effect
could be used for distributed amplification. However, the sensor developed in this thesis is based
on scattering Rayleigh and its range was increased by means of first-order Raman amplification.
For this reason, these two scattering effects (Rayleigh and Raman) will be explained further in
the next sections.
2.7.1 Elastic Scattering: Rayleigh Scattering
Rayleigh scattering was discovered by John William Strutt (Lord Rayleigh) in the 19th century
[60]. It is the elastic scattering of light by density fluctuations of the medium with a size much
smaller than its wavelength (typically <10%) and presents strong spectral dependence (∼ λ−4).
It can be seen as the radiation of the dipole induced by the applied electromagnetic field in
the small molecules [61]. As shown in Figure 2.8, the incident electric field causes the electrons
inside small particles to oscillate, resulting in dipoles that radiate electromagnetic field with the
same frequency as incident wave into all directions [57]. It can be considered that the particle
sees the incident wave as an uniform and oscillating field, since the size of the particle is much
smaller than the wavelength.























Figure 2.8: Radiation of the oscillating dipole caused by incident electric field.
where 2a is the particle diameter and ε1−ε2 is the difference in the absolute permittivity between
the medium and the particle. In this expression is was assumed that ε2 ' ε1. The oscillating
charges q+ and q− cause a radiation described by a very simple description coming from the
antenna theory (Hertizan dipole). In this description, two charges q+ and q− are separated a
distance d as it is shown in Figure 2.8. Thus, the induced dipole is [62]:
p = qd E
|E| (2.55)





where r is the distance of the observer, k is the wave vector (k = 2π/λ), θ is the direction with
respect to z (see Figure 2.8) and i is the electrical current generated by the oscillating charges.
The current i can be calculated as:
i = jωq (2.57)
Thus, this current depends on the frequency ω (wavelength λ) of the incident wave. Multi-
plying by d Equation 2.57, it is simple to find that:
id = jω|p| (2.58)






|E| sin θe−jkrθ (2.59)
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Defining the intensities of the incident wave (E) and the electric-far-field (Efar-field) as:






The scattered power Ps by only one particle is simply the integration of the intensity Ifar-field













It can be concluded from Equation 2.62 that the scattered power from one particle presents,
as it was previously mentioned, a strong wavelength (k4 ∝ λ−4) and particle size (a6) depen-
dence. Furthermore, it depends linearly on the incident optical intensity (I) and the difference
of absolute permittivity (ε2 − ε1).
From this result, it is possible to obtain an expression of the scattering loss coefficient αR
(introduced in Subsection 2.3.1). First it is assumed a small cylinder of volume ∆V = S · ∆l
where S and ∆l are the cross section and length, respectively. This small volume is irradiated
with an optical power P = IS, being I the intensity of the incoming light. The scattering media
is composed by scattering particles of volume δV = 43πa
3. Assuming that the scattering particles
are densely packed (like in optical fibers), the particle density will be N = 1/δV . Thus, the
power loss that an optical signal suffer during its propagation through ∆V can be defined as:
∆P = −αRP∆l (2.63)
where P is the input power, ∆l is the traveled length and αR is scattering loss coefficient. ∆P
can be calculated from the power scattered by only one particle as:
∆P = −NPs∆V = −NPsS∆l (2.64)





















is the average of ∆ε2 = (ε2− ε1)2, since
all the particles do not present the same absolute permittivity.
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[41]. Thus, the effect of compression in the refractive index is























where kB is the Boltzmann constant, Tf is a fictitious temperature which represents the temper-
ature when all density fluctuations get frozen (material solidification) and βc is the isothermal






= 6.9 · 10−11 m2J−1 in silica. In the case of optical fibers,
the presence of this inhomegeneities ∆ρ (∆n) results from the fabrication process. Using these











Since silica is a isotropic solid state material, the following term can be made explicit using













The spectral dependence (λ−4) of αR, which was introduced in Subsection 2.3.1, is finally
demonstrated here. Thus, shorter wavelengths will be scattered much more than longer wave-
lengths. It is interesting to note that this phenomenon is the responsible for seeing the sky blue
(reddish during the sunrise and sunset) [60, 63]. From Equation 2.72 it is possible to conclude
that choosing a material with low refractive index and comprenssibility will reduce the optical
losses due to Rayleigh scattering.
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2.7.1.1 Rayleigh Backscattering
As it was explained in the previous section, when an electromagnetic wave is transmitted through
a condensed and inhomogeneous medium, the light is scattered into all directions (θ ∈ [0, 2π]).
The co-propagating scattered light (θ = 0) travels in the same direction and with the same
frequency than the propagating signal. Since it does not affect the transmitted signal, it does
not present great interest. However, note that this phenomenon is the physical origin of the
refractive index, as the phase of the total light in the forward direction propagates with a
velocity that is smaller than c. The rest of the directions contribute directly to the optical
losses of the propagating wave, as it was explained in Subsection 2.3.1. This is because many
of these directions escape from the fiber core without being guided by the fiber. However, for
θ ≈ π, light can be recaptured by the fiber, resulting in a wave propagating in the opposite
direction - Rayleigh backscattering. This phenomenon, represented in Figure 2.9, creates a
counter-propagating wave with the same frequency of the initial wave. It appears in optical
fibers and the Rayleigh backscattering coefficient in a SMF is αRb ≈ −72 dB/m [64]. Note that







Figure 2.9: Counter-propagating wave generated by Rayleigh backscattering in fibers.
This concept is fundamental for the understanding of the Optical Time Domain Reflectom-
etry (OTDR)-based sensors which employ optical pulses in their operation. In this case, the
backscattered signal comes from the multiple reflections of one of these optical pulses in the
different scattering centers during its propagation through the optical fiber. The backscattered
signals in the different scattering centers will sum incoherently or coherently depending on the
coherence of the light source. If the coherence length is much lower than the pulse length, the
sum will be incoherent. In contrast, when the coherence length is much higher than the pulse
length, the sum will be coherent and an interference phenomenon will be produced. As it will
be deeply explained in the next chapter, this is the main difference between a standard OTDR
(non-coherent light source) and a Phase-Sensitive OTDR (highly coherent light source).
As the reader can imagine, the counter-propagating wave generates Rayleigh scattering in
the direction of the initial propagating wave. This phenomenon is known as double Rayleigh
backscattering. However, this phenomenon will be neglected in this thesis due to the low value
of αRb.
2.7.2 Inelastic Scattering: Raman Scattering
Raman scattering is the effect resulting from the interaction of an incident light with the resonant
modes of the molecules in a medium. Since the molecule’s modes can be vibrational or rotational,
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the Raman scattering can be manifested in such ways; vibrational Raman scattering or rotational
Raman scattering. Nonetheless, the vibrational mode is dominant over the rotational mode
when generating the Raman scattering [65]. As it was explained before, this scattering process
is inelastic, therefore the photon energy is not conserved. Thus, the scattered light contains
frequencies different from those of the excitation source (ωp). Those new components shifted
to lower frequencies are called Stokes components (ωS = ωp − ΩR), and those shifted to higher
frequencies are called anti-Stokes components (ωAS = ωp + ΩR).
The spontaneous Raman effect was discovered by C.V. Raman in 1928 [66]. It was observed
by illuminating a material sample (which can be a solid, liquid, or gas) with a beam of light. In
condensed matter, only ∼ 10−6 of the incident light is inelastically scattered when interacting
with the medium, which means that a small fraction of the incident light suffers a frequency
shift to higher and/or lower frequencies [41].
In optical fibers this phenomenon can be used to develop distributed temperature sensors,
since the ratio between powers scattered by the stocks and anti-stoks depends on the temperature
of the medium [4, 5]. It is worth to note that the spontaneous Raman effect is immune to the
strain. For this reason, implementing a distributed strain sensor based on this effect is not
possible. As it will be studied in the next section, Raman scattering can be used as a signal
amplifier, compensating the intrinsic fiber losses and allowing to increase the performance of
distributed optical fiber sensors [45].
2.7.2.1 Stimulated Raman Scattering − SRS
If another field is introduced in the medium at a frequency ωS = ωp − ΩR, i.e. matching the
Raman Stokes frequency, a highly efficient scattering can occur as a result of the Stimulated
version of the Raman Scattering process. Thus, the process becomes intensity dependent and
the scattered radiation tend to have the same frequencies of the pre-existent radiation [41]. The
phenomenon of Stimulated Raman Scattering (SRS) was discovered by Woodbury and Ng [67]
in 1962, and then described in detail by Eckhardt et al. [68].
While spontaneous Raman scattering process leads to emission in the form of a dipole ra-
diation pattern, the stimulated process leads to emission in a narrow cone in the forward and
backward directions. Thus, compared to the Stimulated Brillouin Scattering (SBS) process [41],
SRS can amplify the Stokes signals in a co- and counter-propagating way, whereas SBS can only
excite in opposite direction [45].
For this reason, SRS is commonly exploited as a distributed signal amplifier. Since, SRS
can amplify the Stokes signals in a co- and counter-propagating way, it is very well suited for
distributed fiber sensors, where both signals (probe and backscattered signal) will be amplified.
This will be explained better in Chapter 7, where SRS will be employed to increase the maximum
measurable range of the proposed sensor.
2.7.2.2 Raman Gain Spectrum




where IS is the Stokes intensity, Ip is the pump intensity and gR is the Raman gain coefficient,
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which is dependent on Ω (the frequency difference between the pump and Stokes waves). In
silica fibers, the Raman gain spectrum (gR(Ω)) extends up to ∼ 40 THz [40], with a maximum
peak at ∼ 13 THz and a FWHM of ∼ 7 THz, as it can be seen in Figure 2.10.
Figure 2.10: Representation of the Raman gain typical in silica fibers [40,45].
The Raman gain generated by a primary Raman pump has also been used as a secondary
Raman pump to generate a second-order Raman gain spectrum [69]. The 2nd order spectra will
be shifted by the amount that the seed 1st order frequency laser is shifted. If it is generated
from the peak of the 1st order, it is shifted by some 13 THz.
2.7.2.3 Intensity evolution and threshold for noise amplification
The evolution of the intensities of the Raman pump and the Stokes wave in a SRS process is





gR(Ω)IpIS − αpIp (2.74)
dIS
dz
= gR(Ω)IpIS − αSIS (2.75)
where αS and αp are the fiber losses at the Stokes and pump frequencies respectively. If it is
assumed that Ip  IS, the Raman pump depletion (variation of Ip due to the gain provided to




Solving this differential equation, the evolution of Ip along z is:
Ip(z) = Ip(0) · e−αpz (2.77)
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Finally, substituting Equation 2.77 in Equation 2.75 and solving the resulting differential
equation, the evolution of IS along z will be given by:










Leff will be lower than z, and for long fiber lengths (αpz  1) Leff is reduced to 1/αp. Leff is
of the order of ∼ 20 km for a typical fiber loss, at 1550 nm, of αp ≈ 0.047 km−1 ≈ 0.2 dB/km.
As Equation 2.78 requires an input intensity IS(0) at z = 0, this is translated in practice as
to injecting one fictitious photon per mode at the input end of the fiber. Therefore, the critical
pump power to reach the Raman threshold (P SRSth ) is given by [71]:




Using the typical values of a SMF at a wavelength of 1550 nm (effective mode area Aeff = 50
µm2, gR = 6.6 · 10−14 m/W and Leff ≈ 20 km), the Raman threshold will be P SRSth ≈ 600 mW
for forward SRS. In the case of backward SRS, the numerical factor 16 is replaced by 20 [40],
therefore, will equal approximately ∼ 750 mW.

Chapter 3
φOTDR: Principles, Limitations and





Distributed fiber sensors based on Rayleigh scattering can be divided into two groups depending
on whether they operate in the time or frequency domain: Optical Time Domain Reflectometry
(OTDR) [21–39,72–84] and Optical Frequency Domain Reflectometry (OFDR) [11–18]. OTDRs
can then be subdivided into incoherent OTDR [73–75], Polarization OTDR (POTDR) [76–84]
and Phase-Sensitive OTDR (φOTDR) [34, 35, 72]. When coherent detection is implemented in
a φOTDR, generally this technique is known as Coherent OTDR (COTDR) [28–33].
The main focus of this thesis dissertation is to propose improvements on φOTDR systems.
That is why, in this chapter, a description of the technique will be presented, including a the-
oretical model and its limitations: range, resolution and non-linear behavior. The techniques
employed until this moment to solve these limitations will be explained, such as distributed
amplification [19–27], coding techniques [4, 5, 85–93], Optical Pulse Compression Reflectometry
(OPCR) [94–96], signal post-processing [24, 30, 35, 97–100], coherent detection [28–33] and fre-
quency sweep [36–39]. In the last section of the chapter the main Distributed Optical Fiber
Sensors (DOFSs) based on the three different scattering phenomena (Rayleigh [17,31,33,34,37],
Brillouin [6–10] and Raman [4,5]) will be compared in terms of their linearity, speed, accuracy,
range and spatial resolution measurement.
3.2 Basis of OTDR Technology
Optical Time Domain Reflectometry (OTDR) has been used for decades to characterize anoma-
lies in optical fiber links [73] and its extension to single-mode fibers followed few years later [75].
It works by injecting incoherent optical pulses into a Fiber Under Test (FUT). The backscat-
tered light from the fiber produced by Rayleigh backscattering is guided into a photodetector
through an optical circulator. The general setup for a typical incoherent OTDR system is shown
in Figure 3.1.
Figure 3.1: Typical OTDR system.
The backscattered signal, commonly known as OTDR trace, is then digitized and processed
in the time domain. Figure 3.2 shows a representation of a typical OTDR and its utility, where
it is possible to observe the different loss contributions of a fiber link (specially important to
manage the power budget of an optical network). For a state of the art Single Mode Fibers
(SMF), the fiber round trip attenuation is ∼0.4 dB/km (around 1550 nm) [101]. Note that
the net attenuation suffered by the optical trace is twice that of a single pass, as the pulse is
attenuated in the forward direction and the backscattered light is attenuated in the backward
direction. The losses produced by connectors or splices can severely contribute to the total
attenuation that telecom signals suffer during its propagation through fiber links.
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Figure 3.2: Representation of an OTDR signal which shows the state of a fiber link.
The spatial resolution, defined as the minimum distance between two events that allows them
to be labeled separately, is a really important parameter of a distributed sensor. The resolution
of a OTDR can be understood analyzing the evolution of the pulse propagation along the fiber
and the respective backscattered signal, as it is represented in Figure 3.3.
Considering an optical pulse with temporal width τp that is propagating through an optical
fiber at a group velocity vg = c/ng, where ng is the group refractive index of the fiber, the
reflected (backscattered) pulse is generated at every scattering point and propagates backward.
Figure 3.3(a) shows that the optical pulse is reflected when its leading edge reaches a location
at time t = t0. Then the pulse continues traveling and another scattering center is illuminated
at time t = t0 + t′. However, the optical pulse reflected at time t0 and t0 + t′ would partially
overlap if 0 < t′ < τp/2 as presented in Figure 3.3(b). In order to avoid overlap of the signals
reflected from different points, which would allow the independent monitoring of events occurring
in those points, the time difference must be larger than τp/2, shown in Figure 3.3(c) [57]. Thus,
the spatial resolution is expressed as:




Using a typical value for silica fibers of ng = 1.47 [101], the spatial resolution will be ∼10 m
for a 100 ns pulse width.
These optical pulses are injected one by one in the optical fiber with a repetition rate de-
noted as ftrigger. This frequency is limited by the following condition: superposition of signals
backscattered from different pulses cannot occur. If this happens, both backscattered signals
would interfere between them affecting the contained phase information thus making the pertur-
bation measurement impossible in the superposition region. Hence, the repetition rate is limited
by the inverse of the round trip of the light in the fiber, which can be expressed mathematically
as:
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Figure 3.3: Propagation of an optical pulse in the fiber and its Rayleigh backscattered light at:





where L is the fiber length. In the case of vibration sensing, the maximum measurable vibration
frequency will be, by Nyquist theorem, the half of ftrigger [102,103].
3.3 Fundamentals of φOTDR Technology
The use of incoherent light only allows to study the optical power losses in a fiber link. However,
when highly coherent light is employed, the backscattered light pattern is sensitive to the relative
phases of the backscattered waves, considerably changing the behavior of a reflectometer based
on Rayleigh scattering. This idea is the basis of a Phase-Sensitive OTDR (φOTDR). Along the
following section, the fundamentals and applications of φOTDR technology will be described.
3.3.1 Operational Principle
The operational principle of a φOTDR, which is based on the use of highly coherent light, is
introduced by using an extremely simplified fiber model where only two scattering centers are
considered (zA and zB), instead of the millions of scattering centers present in one meter of SMF.
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We consider both scattering centers present the same reflectivity r and are illuminated by an
electromagnetic wave of amplitude E0 and angular frequency ω.
A scheme of this simple introductory model is shown in Figure 3.4(a), where EA and EB
are the backscattered signals detected in z0 which come from the scattering centers zA and zB,
respectively, and are defined as:
EA(z = z0) = E0r · exp[iωt+ iφ0] (3.3)
EB(z = z0) = E0r · exp[iω (t− tAB) + iφ0] (3.4)
where the optical path difference tAB = 2n1(zB − zA)/c induces an extra phase φAB = ωtAB
which allows to rewrite Equation 3.4 as:
EB(z = z0) = E0r · exp[iωt+ i(φ0 + φAB)] (3.5)
Thus, the induced phases φ0 and φ0 + φAB can be understood as the traveled optical paths

















Figure 3.4: A simplified representation of a φOTDR: two scattering centers behaving as two
reflectors.
The optical intensity which would be detected in z0 is:





Equation 3.6 describes the behavior of a φOTDR and shows a relative phase dependence φAB,
which is the main difference with a conventional OTDR. Since OTDR employs an incoherent
light source, the average value of the interference term disappears 〈cos(φAB)〉 = 0 since the phase
of the light source is random. Thus, the optical intensities which would be detected in z0 for
the cases of an incoherent and a coherent light source are:
IIncoherent(z = z0) = 2|E0r|2 (3.7)
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Thus, if the term φAB changes by any disturbance in the fiber, a φOTDR sensor is sensitive
to it whereas a conventional OTDR is not. Figure 3.4(b) shows the same optical fiber, as the
represented in Figure 3.4(a), where a section which contains the second scattering center presents
a different refractive index n2. This refractive index change generates a difference in the optical
path [zA, zB] and consequently, a variation of the relative phase difference ∆φ. In this case, the
backscattered signal from zB is described as:
E′B(z = z0) = E0r · exp[iωt+ i(φ0 + φ′AB)] (3.9)
where φ′AB = φAB + ∆φ. The intensity detected if a coherent light source is employed (φOTDR)
is:
I ′Coherent(z = z0) = |EA + E′B|2 = 2|E0r|2
(
1 + cos(φAB + ∆φ)
)
(3.10)
This result shows the clear sensitivity of a φOTDR to changes in the relative phases among
the reflected fields coming from different scattering centers. These changes arise from n2 varia-
tions which can be originated by perturbations such as temperature or strain.
Following the simple model based only on two scattering centers, now we propose the model
extended to a high number of scattering centers. As it has been mentioned before, the scattering
centers are random density fluctuations produced during the fabrication process of the fiber.
Despite the fact that the Rayleigh scattering process is random, the amplitude and relative
phases of the scattered waves are deterministic and remain unalterable if the fiber is perfectly
stable. This means that the values of φAB (which have a random value but are fixed) contribute
to the final backscattered trace.
As the light propagates inside the fiber, using the model defined above, a section with the size
of the optical pulse is illuminated at each instant. The section of reflectors that is illuminated
will change as the pulse propagates in time. This is shown in Figure 3.5. In Figure 3.5(a) the
pulse is at time t1 illuminating one set of reflectors. Then it travels along the fiber, and at
time t2, another set of reflectors is illuminated. We can see that the signal from more than
one reflector will be generated during an overlapping period of time. During this period, the
reflected signals from both scattering centers will arrive at the same time at the origin, and will
interfere with each other [104].
The time that the pulse requires to reach a position z in the fiber is T = z/vg. Hence, the
backscattered light from that point will require a time t = 2T to reach the position z = 0, where
it is detected. The detected optical field from every fiber point will be the sum of the fields
reflected from the M scattering points contained in half of the section illuminated by the optical
pulse z ∈ [Tvg − τp/2, T vg] (as deducted from Figure 3.3):





where z = Tvg − τp/4 is the position corresponding to the center of the fiber section from which
the signal is being collected. The reflectivity of each scattering center is rm ∈ [0, 1] but usually
is  1. The corresponding phase of the waves reflected in the scatering centre m is given by
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(a) The pulse in the fiber at time t1 illuminates one set of reflectors
(b) The same pulse at time t2
Figure 3.5: Pulse traveling inside the fiber [104].
the optical path φm = 2πn/λ · zm. The normalized intensity (I) received at the beginning of the
fiber (z = 0), neglecting losses, will be [104]:
















rirjcos (φi − φj) (3.12)
Equation 3.12 clearly shows how the light reflected from different scattering centers (Rayleigh
backscattered light) interferes coherently to produce the detected optical power trace. Since the
position of these scattering centers is random, the φOTDR trace typically has random oscillations
along the fiber. An example of φOTDR trace is represented in Figure 3.6.
It is interesting to note that the probability distribution of I (Equation 3.12) follows an
exponential distribution [104]:









From Equation 3.13 we can find that the average intensity detected from a given position
is proportional to the total number of scattering centers (M) in the section illuminated by the
optical pulse in that position:
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Figure 3.6: Example of a 14 km φOTDR trace obtained with a 100 ns optical pulse. Experimental





IMP (IM )dIM = M (3.14)
In OTDR operation, this random pattern along the fiber is a detrimental feature called fading
or coherent noise [105]. In the case of φOTDR however, the technique is focused on measuring
the temporal variations of this pattern, since the detected trace is sensitive to the changes in
the relative phases among the reflected fields from the different scattering centers. The random
pattern trace remains constant over the time if the fiber (scattering centers) do not suffer any
change. However, if the relative phases among the reflected fields coming from the different
scattering centers are changed at a given location due to a disturbance (e.g. due to local strain
or temperature changes), the φOTDR trace at that position will vary [58]. This allows the
detection of disturbances along the whole fiber, such as vibrations [34, 35], strain changes [36]
or temperature changes [37].
From Equation 3.13 is possible to find a certain probability of having a signal intensity
close-to-zero (i.e. a signal below the noise level of the detector) from a given position. In these
positions, it is not possible to track signal variations, generating blind spots where the sensor
will not give any information - fading points.
Following the static fiber description, now the behavior of the intensity trace when a punctual
phase perturbation θp is applied in the q
th point (q ∈ [1,M ]) is presented. The corresponding
intensity variation I∆ between the non-perturbed (I) and perturbed (I
′) signals is [34]:





rirj [cos (φi − φj)− cos (φi − φj − θp)] (3.15)
The probability distribution of the intensity variation will be Laplace-distributed [104], since
the perturbed and unperturbed signals have correlated exponential probability distributions.
From Equation 3.15 it is possible to conclude that only the relative phases φi − φj contained at
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the pulse resolution (τp/2) around the qth point participate in the intensity variation I∆. Thus,
the perturbation only affects the region where it is applied while the rest of the optical trace I
remains constant. This behavior allows φOTDR (and distributed sensors in general) to locate
along the fiber different perturbations at different points. Furthermore, the intensity change
induced by the disturbance in the fiber is not linear, except for very small values of θp. For
this reason, other techniques such as frequency scan [36, 37] or phase detection [31–33] should
be implemented if a linear response is required.
The model that describes a punctual perturbation can be extended to a distributed pertur-
bation considering a section which contains an amount of points affected by a refractive index
change ∆n. In that case, all the scattering centers contained in the perturbed section will suffer
a small phase change. The total accumulated phase change from the beginning to the end of




where ∆n is the induced refractive index change by temperature (∆T ) or strain (∆ε) changes
along the fiber section ∆z. The accumulated phase difference ∆φ is twice the optical path since
the pulse travels in one direction and the backscattered signal in the opposite one. It is worth to
note that a strain perturbation does not induce a real refractive index change but an optical path
difference. However, this optical path difference can be described from an equivalent refractive
index change. As usually occurs in the literature, during this dissertation we will refer to the
equivalent refractive index change induced by a strain perturbation directly as the refractive
index change.
To visualize this idea, Figure 3.7 shows a φOTDR trace before (black line) and after (red
dotted line) a disturbance occurs at a point in an optical fiber. In green the trace difference
is plotted is plotted. We can observe that only the region affected by the disturbance presents
intensity variations (from meter 290 to 310), while the rest of the trace remains stable.
Figure 3.7: φOTDR trace before and after a disturbance occurs at a point in the fiber [58].
The relationships between ∆n and the quantities ∆T and ∆ε were obtained experimentally
by [36]:
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In the paper published by Koyamada in 2009 [36], Equations 3.17 and 3.18 are expressed
in term of ∆ν/ν instead of ∆n/n, since a frequency (wavelength) shift can compensate a small
refractive index change (see Equation 3.16). This idea will be explained in more detail in
Subsection 3.4.3.
3.3.1.1 Typical Setup in a Conventional φOTDR
In this subsection an example of experimental setup of a φOTDR is presented. The main
components that form the sensor and their functions in it are explained. Furthermore, some
vibrations measurements will be presented in order to clarify the sensing method.
The experimental setup used to explain the performance of a φOTDR is shown in Figure
3.8. This setup and some of the following experimental examples are obtained from the thesis
dissertation of Martins in 2014 [58].
Figure 3.8: Experimental setup of a conventional φOTDR [58]. LD, Laser Diode; SOA, Semicon-
ductor Optical Amplifier; EDFA, Erbium Doped Fiber Amplifier; DWDM, Dense Wavelength
Division Multiplexer; I&T, Intensity & Temperature.
The coherence time of the light source employed in a φOTDR is critical as it has been
mentioned before. A φOTDR sensor employs high coherence sources since the light backscattered
from the scattering centers illuminated by an optical pulse must interfere between them. To do
so, it is indispensable that the coherence length of the light source be greater than the optical
pulse duration. Otherwise, phase variations appears along the optical pulse which generates
intensity noise in the Rayleigh backscattered signal (see Equations 3.8 and 3.12.) The chosen
light source in the setup shown in Figure 3.8 is a Laser Diode (LD) with a linewidth of 1.6
MHz [58], whose coherence length would be ∼40 m (see Equations 2.52 and 2.53). Thus, the
laser would fit satisfactorily with spatial resolutions in the order of tens of meters (5 meters
in this particular setup). The LD is driven by a standard current and temperature controller
to select the central wavelength. An isolator has been used to avoid possible reflections being
directed to the laser, which could affect the laser stability.
The optical pulses are created outside the LD avoiding instabilities. The Signal to Noise
Ratio (SNR) of the detected trace will directly depend on the Extinction Ratio (ER) of the
44 φOTDR: Principles, Limitations and State of the Art
device employed to create the optical pulses [34]. This idea will be explained in more detail
in Section 3.5. The electro-optic device used for creating pulses is a Semiconductor Optical
Amplifier (SOA) since it presents an ER of >50 dB. The device presents rise/fall times in the
order 2.5 ns and driven by a waveform Signal Generator (SG) it is used to create 50 ns almost
square pulses. The spatial resolution of the system is determined basically by the duration of
the pulse [72], as described in Section 3.2. Therefore, the spatial resolution is 5 m in this case.
Between the signal pulses, the SOA is negatively biased so as to enhance the Extinction Ratio
(ER) of the delivered pulses.
In order for the backscatered signal to have an optical power suitable for detection, since the
Rayleigh backscattering coefficient in a SFM is low (αRb ≈ −72 dB/m) [64], high energy pulses
(typically in the order of a few hundred mW) are required. To do so, an Erbium-Doped Fiber
Amplifier (EDFA) is used to boost the power of the φOTDR pulses before sending them into
the fiber.
In order to minimize the effect of the Amplified Spontaneous Emission (ASE) added by the
EDFA it is convenient to use an optical filter to mitigate it. In this case, a tunable Fiber Bragg
Grating (FBG) working in reflection performs this function. The spectral profile is the typical
spectrum of a 100% reflection FBG, and its spectral width is 0.8 nm.
However, as it will be explained later, the peak power cannot be indefinitely increased due
to the advent of non-linear effects such as Modulation Instability (MI) [40, 106, 107]. For this
reason, before being coupled the optical pulse into the FUT, light passes through an attenuator,
which allows to adapt the input power in the fiber below the non-linear effects threshold.
The backreflected signal from the fiber is also amplified using an EDFA and filtered by
another optical filter. In this particular case, ASE is filtered through a Dense Wavelength
Division Multiplexer (DWDM) with a spectral width of 0.8 nm.
Finally, the backscattered signal is photodetected and digitized. Since the φOTDR traces
exhibit high-contrast rapid oscillations, the detector bandwidth should ideally be much larger
than the trace spectral bandwidth. In this particular case, the pulse spectral bandwidth is
around 20 MHz (generating a trace of similar bandwidth) and the detector has a bandwidth of
125 MHz, which is enough to adequately represent the process.
Figure 3.9 shows an example of vibration monitoring using the experimental setup explained
before. In this particular case, the FUT was a 10 km SMF and a 20.3 Hz vibration was applied
close to the end of the fiber [58]. The detected trace is represented in Figure 3.9(a), where it
is shown a good SNR along the entire fiber. This ensures the full distributed measurement of
vibrations using this technique. Comparing trace to trace it is possible to obtain the power
variation along the time of the perturbed point. Figure 3.9(b) shows a clear pattern, with peaks
synchronized with the applied frequency.
Phase-Sensitive OTDR (with direct detection) was introduced by Henry F. Taylor and Chung
E. Lee in 1993 as a powerful tool for fiber optic intrusion sensing [72]. The same group continued
researching in this topic verifying its applicability [108,109]. As it was explained, the linewidth
of the laser (directly associated to its coherence) is vital for this application. For this reason,
this group developed an specific laser, based on Er3+ doped fiber [110] to be applied as pump in
this system. This laser presented a very narrow linewidth (< 3 kHz) and a frequency-drift rate
< 1 MHz/min. With a φOTDR pumped with this laser, they arranged to detect perturbations
along 12 km with an spatial resolution of 1 km [111]. Two years later, the authors improved
the detection system achieving to detect intruders on foot and vehicles over 19 km with 200 m
spatial resolution [112]. Around 2014, a typical φOTDR was capable to achieve sensing ranges
of tens of kilometers and meter spatial resolution [98, 113]. However, when φOTDR is assisted
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(a) Detected φOTDR trace from a 10 km SMF. (b) Optical power variation along the time of the per-
turbed point.
Figure 3.9: Detection with a φOTDR of a 20 Hz vibration in the last meters of a 10 km SMF [58].
by distributed Raman amplification, sensing ranges over >100 km and 10 m spatial resolution
have been demonstrated [21].
3.4 Non-linear Behavior and Solutions for Linear Sensing
In this section, the non-linear behavior of a φOTDR system when a perturbation is applied to
the optical FUT will be discussed. Equation 3.15 describes the intensity variation that a point
of the trace suffers when the fiber is perturbed by any disturbance (such as temperature, strain
or vibration) in that point. Since the dependency of the intensity with the perturbation follows
a cosine, it can be considered linear only if the perturbation is very small. However, this is not
always the case.
(a) Weak vibration.
















Figure 3.10: Spectral analysis of a 20 Hz vibration applied in the last meters of a 10 km SMF [58].
The pattern presented in Figure 3.9(b) is analyzed in the frequency domain by means of a
Fast Fourier Transform (FFT), and the obtained results are represented in Figure 3.10(a). Here,
a clear peak at 20.3 Hz appears, as well as smaller peaks in the second harmonic (40.6 Hz), and
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multiples of half of the fundamental frequency (10 Hz, 30 Hz).
The experiment developed in 2014 [58] was replicated but inducing a vibration of higher
amplitude in the excited point. The resulting spectrum of the detected vibration is represented
in Figure 3.10(b), in which the harmonics and sub-harmonics have a higher amplitude than in
the previous example. This shows good agreement with the theoretical model. If we reanalyze
the Equation 3.15, it is simple to observe that perturbations of higher amplitude θp will give a
system with a higher non-linear behavior. This was explored by Shatalin et al. in 1998 [114].
3.4.1 Vibration Simulation
Following the examples that experimentally illustrates the non-linear behavior of a φOTDR, now
we continue analyzing this limitation by means of computational simulations. This is done for
the conventional intensity φOTDR, but also for typically employed variations of the technique
(coherent detection [31–33] and frequency sweep [36,37]).
The simulated perturbation is applied along a fiber section of 20 meters and is sensed using
a 50 ns optical pulse. This pulse duration gives a spatial resolution of 5 meters, allowing for
the correct detection of the perturbation. The perturbation is a vibration of 20 Hz with a
maximum strain of εmax = 130 ·10−9 which corresponds to an equivalent refractive index change
of ∆nmax = 1.47 · 10−7. Thus, the applied perturbation along the time can be described as:
∆n(t) = 1.47 · 10−7 · sin(20 · 2πt) (3.19)
(a) Optical power traces (b) Optical power traces differences
Figure 3.11: φOTDR traces simulation with optical pulses of 50 ns (5 m spatial resolution).
Refractive index changes are applied along 20 meters of fiber. The zero of the position axis is
located at the point where the simulated perturbation is applied.
The optical pulses are injected into the optical fiber with a repetition rate of ftrigger = 500 Hz
during 2 seconds. Hence, the 20 Hz vibration can be monitored correctly. The resulting number
of simulated optical power traces is 1000 (500 Hz × 2 s). The resulting traces, for three different
refractive index changes (n0, n0 − 1.39 · 10−7 and n0 + 1.39 · 10−7), are represented in Figure
3.11(a). The optical power differences with the first trace (n0) are shown in Figure 3.11(b). Here
it is simpler to observe the affected region, which is 25 meters (20 m for the perturbed region
and another 5 m for optical pulse length), and the non-affected region by the perturbation.
3.4. Non-linear Behavior and Solutions for Linear Sensing 47
When the optical power evolution of the most excited point is analyzed, the highly non-linear
response of the system for high amplitude perturbations is clearly observed. This is shown in
Figure 3.12. While the applied perturbation follows a 20 Hz sinusoidal function, the optical
power variation response does not follow it (see Figure 3.12(a)). Developing a spectral analysis,
by means of FFT of the temporal evolution, the appearance of harmonics is observed in the
optical power variation. In fact, the 40 Hz peak (first harmonic) is higher than the fundamental
frequency.
(a) Temporal evolution (b) Frequency analysis
Figure 3.12: Comparison between the optical power variation and the induced refractive index
change in the most excited point.
As the reader can imagine, this non-linear behavior represents a huge limitation in φOTDR
based systems, since it makes the real and linear measurement of temperature or strain almost
impossible to achieve. In the next subsections, the basis of two of the most important techniques
(coherent detection [31–33] and frequency scan [36,37]), which allow for a linear measurement of
refractive index variations using φOTDR, will be explained. The limitations of these techniques
will also be explained here and they motivate part of the work developed during this doctoral
thesis. In Chapter 5, a new method based on φOTDR using chirped pulses will be demonstrated.
It solves the non-linear limitation of traditional φOTDR without the requirement of a frequency
scan or coherent detection. It allows for the measurement of distributed strain and temperature
changes, in a single shot with temperature/strain resolutions of 0.5mK/4nε while maintaining
a low complexity. Furthermore, real acoustic sensing is demonstrated using this new φOTDR-
based sensor.
3.4.2 Coherent Detection
An extensively used technique to achieve linear measurements of strain or temperature with
φOTDR is coherent detection. Equation 3.16 shows the induced phase change ∆φ by a refractive
index change ∆n in a fiber section ∆z. It shows a linear dependence between ∆φ and ∆n. Thus,
the phase information in the backscattered electric field will give quantitative information of an
induced refractive index change, allowing for the linear measurement of strain, temperature and
vibrations.
This idea was also simulated for the better understanding of the reader. As it was explained
before, Figure 3.11 shows the obtained optical power traces when a perturbation is applied in
a 20 m fiber section. It is simple to observe the unperturbed and perturbed (from -12.5 m
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to 12.5 m) sections. With this methodology, instead of using the intensity changes between
traces, we work with the phase of the electric field backscattered from the fiber. It is studied
the phase difference between two fiber points: before and after the perturbation. The obtained
results are represented in Figure 3.13. The temporal evolution of the induced refractive change
and the obtained phase change are represented in Figure 3.13(a). Here, it is shown a perfect
synchronization between both signals, giving a pure linear response. This is also well shown in
the spectral analysis of these signals (see Figure 3.13(b)).
(a) Temporal evolution (b) Frequency analysis
Figure 3.13: Comparison between the resulting φOTDR phase change and the induced refractive
index change (before and after the perturbation).
The implementation of this technique relies on the phase recovery of the backscattered electric
field. Generally, this is implemented by means of coherent detection, also known as heterodyne
or homodyne detection depending on whether the Local Oscilator (LO) is frequency shifted
or not, respectively [115]. Generally, the φOTDR which employs coherent detection is known
as Coherent OTDR (COTDR) [28–31]. A φOTDR based sensor which employs heterodyne
detection was developed in 1976 by Healey et al. [28]. However, the use of coherent detection
was only employed for SNR increase purposes in this case [28]. The first φOTDR system based
on the phase of backscattered signal was proposed by Posey et al. in 2000 [29]. This system
provided a mean to quantify the strain. However, this system was only able to monitor the
dynamic strain at a single section of the fiber at each time. In 2010, Lu et al. developed a
COTDR able to measure vibrations up to 1 kHz along 1.2 km with 5 m spatial resolution [30].
Three years later, Masoudi et al. developed a similar system that detected vibrations up to 5
kHz along 1 km with a spatial resolution of 2 m [31]. These last two techniques were capable of
quantifying multiple dynamic strain perturbations along the whole sensing fiber simultaneously.
In a coherent detection system, the optical signal and the LO signal are mixed before pho-
todetection [116]. This was initially proposed in the context of the usage of φOTDR for dis-
tributed vibrations in 2010 [30]. Although, the use of coherent detection in φOTDR for static
measurements had previously been reported as well [36].
Figure 3.14 shows a simplified typical setup of φOTDR using coherent detection φOTDR. A
Continuous Wave (CW) laser light with an optical frequency ω is divided by an optical coupler
into two parts, one to be used as LO (ELO) and the other to be used as the φOTDR pulse, which
will generate the backscattered signal Eb. The pulse is generated using an intensity modulator.
The same modulator (or a second one) can shift the pulse frequency in ∆ω (typically in a few
hundreds of MHz [24, 30]) when heterodyne detection wants to be implemented. If the pulse
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Figure 3.14: Practical setup of a φOTDR using coherent detection.
frequency is not shifted the detection is known as homodyne. Homodyne detection requires
lower detection bandwidth compared to heterodyne. However, it presents some drawbacks such
as the use of two balanced detectors (instead of one) and a more complex optical hybrid [115].
Overall, the main differences (benefits and limitations) of both implementations employing phase
demodulation (homodyne and heterodyne) compared to direct detection are similar. For this
reason, we focus the description on heterodyne detection, since it is the easiest to understand
and simplest to implement coherent detection.
In the case of heterodyne detection, the Rayleigh backscattered signal Eb(t)exp(iωt+ i∆ωt+
φ(t)) is mixed with the LO light ELO(t)exp(iωt) by another 3 dB coupler. The mixed signal is
then launched to a balanced detector. The optical power I(t) resulting from the interference of
the LO signal (ELO) with the backscattered signal (Eb) will be given by:




cos (∆ωt+ φ(t)) (3.20)
where θP (t) and φ(t) are the relative polarization angle and phase between the LO signal (ELO)
and the backscattered signal (Eb), respectively. It is worth to note that, provided that the 180
degree phase shift between the two outputs of the 3 dB coupler is preserved, the use of balanced
detection will eliminate the Direct Current (DC) and common mode components and will im-
prove the SNR by 3 dB [30]. Furthermore, since the optical amplitude of the LO is typically
much higher than the backscattered signal ELO  Eb, the signal of interest ∝ ELOEb (obtained
using coherent detection) will be also much higher than E2b (the detected using direct detection).
Thus, the coherent detection can provide a considerable higher sensitivity for detection of weak
Rayleigh backscattered signals than the direct detection [30].
However, the amplitude of the interference between ELO and Eb strongly depends on their
relative state of polarization and can even reach zero for the case of orthogonal polarizations.
Coherent detection is therefore generally dependent on changes of the State Of Polarization
(SOP) along the optical paths of ELO and Eb before these are mixed, and the setup is therefore
very sensitive to SOP changes [58]. Some possible solutions are using Polarization-Maintaining
Fibers (PMFs) or using dual-polarization coherent receivers [115]. However, this increases the
complexity/cost and can decrease the system performance. PMFs are expensive and present
high losses, which severely limits the sensing range when compared to the use of SMF.
Another important limitation of this technique is related to the required coherence length
of the laser. In direct detection, coherence length of the laser required is of the order of the
pulse width (lc ∼64 m, ∆f ∼1 MHz) [34]) since interference occurs between waves separated
by as much as that length. However, the required laser coherence length for coherent detection
schemes will be of the order of twice the fiber size (∆f ≈ 32 kHz for 1 km of fiber and ∆f ≈ 320
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Hz for 100 km of fiber). This requirement can considerably increase the complexity and cost of
the system and/or limits the system performance.
In Chapter 4 (Section 4.4), the possibility of using Phase Reconstruction using Optical
Ultrafast Differentiation (PROUD) in a φOTDR sensor will be studied. PROUD is a self-
referenced technique which allows recovering the instantaneous frequency and phase of arbitrary
optical signals [117–119]. Since beating with a LO is not required, the technique does not
present polarization or phase-noise impediments. Therefore, the implementation of PROUD in
a φOTDR sensor could be really interesting for recovering the complex field of the backscattered
trace (amplitude and phase).
3.4.3 Frequency Scan
Another technique used to obtain a linear response using φOTDR is by employing a frequency
scan. From Equation 3.16 it can be concluded that a refractive index change ∆n can be com-
pensated by an optical pulse central wavelength shift ∆λ. This can be expressed mathematically






The methodology to implement a distributed sensor based on this phenomenon is by means
of frequency scans. The data collection consists in measuring with a conventional φOTDR
repeatedly while changing the laser frequency step by step (from an initial to a final frequency)
and recording the measured backscattered power as a function of laser frequency and distance
I1(ν, z). This process is repeated and another data collection I2(ν, z) is obtained. If there
are no changes in the strain or the temperature in the fiber during the two intervals, I2(ν, z)
becomes similar to I1(ν, z). On the other hand, if the strain or the temperature changes, I2(ν, z)
is different from I1(ν, z). Instead, I2(ν + ∆ν, z) becomes similar to I1(ν, z), where ∆ν is the
change in the laser frequency that compensates for the change in the strain or the temperature
so that the phase difference becomes the same as that for the initial measurement [36]. Using
Equation 3.21 and the measured ∆ν is possible to obtain the refractive index change.
This technique has been used for the measurement of strain and temperature changes [36] and
birefringence [38, 39]. However, this technique is not well suitable for dynamic measurements,
since the measurement time is increased by the number of pulses used in the frequency scan.
There are some examples of dynamic sensing with this method although the complexity of its
implementation is considerably increased [37].
Simulations under similar conditions to the presented in Figure 3.11(a) have been realized.
In Figure 3.15 are represented the resulting traces when a refractive index variation is applied,
and the optical pulse is correspondingly shifted to compensate for that variation. The induced
refractive index changes are ∆n = ±1.39 · 10−7 and the corresponding frequency shifts are
∆ν = ±18.4 MHz (obtained from Equation 3.21). Thus, the centered region remains unchanged
(the refractive index is compensated) and the rest of the fiber presents variations (see Figure
3.15(a)). The optical power differences with the first trace (n0 and ν0) are shown in Figure
3.15(b). Here it is simpler to observe the mentioned above. Hence, realizing frequency scans, it
is possible to search the refractive index change that is affecting any fiber section.
The index variation ∆n(t) = 1.47 · 10−7 · sin(20 · 2πt) can be correctly measured as it is
represented in Figure 3.16. The temporal evolution of the induced refractive change and the
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(a) Optical power traces (b) Optical power traces differences
Figure 3.15: φOTDR traces simulation where refractive index changes are applied. The laser
frequency is tuned to compensate the refractive index change. The zero of the position axis is
located at the point where the simulated perturbation is applied.
obtained frequency shift is represented in Figure 3.16(a). Here, as in the coherent detection
method, it is shown a perfect synchronization between both signals, giving a pure linear response.
This is also well shown in the spectral analysis of these signals (see Figure 3.16(b)).
(a) Temporal evolution (b) Frequency analysis
Figure 3.16: Comparison between the induced frequency shift and the induced refractive index
change in the most excited point.
3.5 Signal to Noise Ratio (SNR): Range and Resolution
The Signal to Noise Ratio (SNR) of a φOTDR depends on the amount of energy of the employed
optical pulses. Both signals, pulse and backscattered signal, suffer attenuation during their
propagation along the fiber (α ∼ 0.2 dB/km). This means that the SNR of the trace decreases
exponentially as the pulse moves away from the fiber beginning (see Equation 2.13 and Figure
3.6), which limits the maximum measurable range of the system. The Rayleigh backscattering
coefficient in a SFM is αRb ≈ −72 dB/m [64]. Thus, the intensity of the backscattered from a
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position L and observed in the fiber input (Pb(z = 0, L)) depends linearly on the input peak
power (Ppeak) and the pulse duration (τp) as:
Pb(z = 0, L) = αRb
τp
2 Ppeake
−2αL = αRbWPpeake−2αL (3.22)
An increase in τp implies more power backscattered from the scattering centers. However,
the resolution of the system decreases (see Equation 3.1). For this reason, if the resolution of
the system (W ) must be preserved and the SNR (range) augmented, the peak power should be
enhanced. However, the peak power cannot be increased indefinitely due to the onset of non-
linear effects [40, 106, 107], as it will be explained further in the next subsection. Thus, as the
reader can imagine, there is always a critical trade-off between the spatial resolution and range
(SNR) in φOTDR based sensors. To overcome this trade-off, implementing other techniques such
as distributed amplification [21–27], coding techniques [4, 5, 85–92], Optical Pulse Compression
Reflectometry (OPCR) [94,95] or signal post-processing [24,30,35,97–100] would be necessary.
The noise level in a φOTDR system comes from two main noise sources: electrical noise
caused by the photodetection process and optical noise which causes fluctuations in the input
power to the detector. The photodetector noise is composed mainly by shot noise and thermal
noise. Considering a commercial photodetector and typical values for these type of systems of
peak power on the order of hundreds of milliwatts and pulse lengths of a few meters, the SNR
given by pure detection processes in a 100 MHz detector is of the order of 20 dB, using the tra-
ditional formula for a p-i-n receiver [120]. However, the electrical noise induced is higher when
greater bandwidths are employed. This noise can be mitigated reducing the operation tempera-
ture of the detector, considering that the noise contributions introduced by the photodetection
process are close to the fundamental minimum.
Regarding the optical noise, it is introduced backscattered ASE from the optical amplifiers
and the non-infinite ER of the pulse generator. Signal-ASE and ASE-ASE noise can be reduced
using an optical filter centered around the φOTDR pulse frequency, since the ASE presents
a broadband spectrum. The other source of noise comes from technological limitations when
generating the optical pulse. Optical pulses are typically generated with an Electro-Optic Mod-
ulator (EOM) or a Semiconductor Optical Amplifier (SOA). Since the ER of these devices is
not infinite, there is optical power (at the φOTDR pulse frequency) outside the φOTDR pulse.
Due to this, intra-band noise is generated. This phenomenon is represented in Figure 3.17.
Figure 3.17: Power distribution along the fiber for a φOTDR pulse with finite ER [58].
The optical pulse generator ER is defined as the ratio between the pulse peak power (P1)
and the CW (P2) at the central laser frequency (ER= P1/P2). An ideal optical pulse generator
would present an infinite ER. When the light source is incoherent the intra-band noise is also
incoherent. The SNR in this case is:
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SNR ∝ ER · Lpulse
Lfiber
(3.23)
where Lfiber and Lpulse are the lengths of the fiber and the pulse in the fiber, respectively.
However, in a common φOTDR the light sources are highly coherent. In that case, the co-
herent length can be as long as the fiber length, making possible the interference between
the backscattered CW and the backscattered pulse. Thus, the detected power will have three
terms. One proportional to the pulse power (αRbP1Lpulse), another proportional to the CW
(αRbP2Lfiber) and the interference of the two (αRb
√
P1LpulseP2Lfiber). If it is considered good






Here it is shown the importance of using a pulse generator with high ER. Generally, the
conventional EOM only presents an ER of 20–30 dB. However, a SOA can achieve an ER of 50
dB. That is the reason why in the results presented in this thesis a SOA instead of an EOM is
employed. A SNR of >20 dB can be obtained with a SOA operating in a typical φOTDR of 10
km range and 10 m pulse length.
3.5.1 Peak power limitations due to onset of non-linear effects − MI
Modulation Instability (MI), explained in Chapter 2, is the first non-linear effect to arise under
normal operation conditions (almost square pulses from tens to hundreds of ns duration). It
results in the appearance of two gain sidebands on each side of the central wavelength [50, 51]
and only occurs in anomalous regime (β2 < 0). MI mainly depends on four parameters: input
peak power (Ppeak), Group Velocity Dispersion (GVD) coefficient (β2), non-linear parameter (γ)
and the noise level (see Equation 2.45). Thus, for low pulse peak powers, the effect of MI is
negligible and the spectrum remains unaltered along the pulse propagation.
However, when high peak powers are employed, the MI effect cannot be neglected. Figure
3.18 shows the simulation of the φOTDR pulse spectrum evolution for a peak power of 1.25 W.
The simulation was realized by solving the Non-Linear Schrödinger Equation (NLSE) 2.30 and
using a split-step Fourier algorithm [121] with adaptive step size. The considered parameters
were: attenuation coefficient α = 0.2 dB/km, non-linear parameter γ = 1.3 W−1km−1, GVD
coefficient β2 = −22.8 ps2km−1 and fiber length of 10 km [106].
The use of traditional rectangular probe pulses generally induces a power exchange between
the pump and the sidebands known as Fermi-Pasta-Ulam (FPU) recurrence [122, 123]. During
the pulse propagation depletion of the main laser line in favor of the sidebands occurs. However,
after a certain distance the sidebands transfer back some power to the central wavelength.
By increasing the input peak power, the observed minima in the central wavelength are more
numerous and the first one appears closer to the fiber beginning. This also happens for other
pulse shapes such as Gaussian-like, triangular and super-Gaussian, although to a minor extent
[124], as it will be demonstrated in Chapter 4 (Suction 4.2).
These induced power minima around the central wavelength are revealed in the trace as a
visibility fading at certain specific positions. Figure 3.19 shows the evolution of a φOTDR trace
obtained with an optical pulse of ∼1.25 W and 50 ns duration along 10 km. The visibility is
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Figure 3.18: Simulation of the φOTDR pulse spectrum evolution along a SMF for a φOTDR
pulse peak power of 1.25 W [106].
Figure 3.19: φOTDR trace and theoretical fraction of power contained in the central wavelength
along the FUT for a φOTDR pulse peak power of ∼1.25 W (main figure) and ∼0.35 W (figure
inset). The top figure shows the visibility of the φOTDR interference signal for the main figure
signal. Losses were compensated numerically [106].
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represented in the top of Figure 3.19 and it is calculated as V = (Tmax − Tmin)/(Tmax + Tmin),
where Tmax and Tmin are the maximum and minimum values of the trace over a window of 40
m [106].
It is simple to observe the points (4.4 km, 6.8 km and 9.5 km) where visibility of the interfer-
ence is lost or greatly decreased and therefore the sensing sensitivity of the system is almost null
at those positions. It is also worth to note that the overall visibility would also be decreasing
rapidly, thus severely reducing the performance of the sensor. The inset represented in Figure
3.19 shows the trace when the pulse peak power is ∼0.35 W, where no FPU recurrence is ob-
served. From this study, developed by Martins in 2013 [106], it is concluded that the appearance
of MI is an important limitation in φOTDR based systems. The peak power always must be be-
low the MI threshold. For sensing fibers around 10 km, this threshold was situated for standard
SMF close to 400 mW.
3.5.2 Proposed methods to increase range and resolution
In the previous subsection the MI effect in φOTDR sensors was presented, which depends directly
on the pulse peak power. For this reason, if the sensing range has to be increased without a
resolution detriment (and the pulse peak power cannot be increased due to the onset of non-
linear effects) other techniques must be implemented. Some of this techniques will be presented
in this subsection.
3.5.2.1 Distributed Amplification
The stimulated versions of Raman and Brillouin scattering are interesting techniques to in-
crease the range of optical fiber sensors [19–27, 70, 125–127]. For more than three decades,
distributed Raman amplification has been used to increase the performance of optical commu-
nication systems [128–130]. Regarding optical fiber sensing, Raman amplification has been
used to assist punctual [127] and distributed sensors [19–24, 70, 125, 126]. Typically, first-
order [19–21, 24, 70, 125] and second-order [22, 23, 69, 126] pumping configurations are the most
employed.
Regarding φOTDR-based sensors, Raman amplification can be used to maintain both φOTDR
pulse and backscattered signal powers at suitable power levels the whole fiber length, while
avoiding excessively high peak powers, thus extending the sensing range. First-order Raman
amplification was implemented to achieve sensing distances over 62 km [19] and 74 km [20] with
spatial resolutions of 100 m and 20 m respectively. However, since no vibration measurement
was performed in these cases, the performance as a vibration sensor was not clearly established.
One of the main concerns of Raman amplification is the RIN transfer from the Raman pumps
to the amplified signal [21,131–133]. In 2014, the use of balanced detection to mitigate the effect
of the RIN transfer from the Raman pumps was reported [21], allowing to measure vibrations
up to 390/250 Hz over 100/125 km with a spatial resolution of 10 m. A performance im-
provement using second-order over first order Raman amplification (under similar measurement
conditions) was reported by the same authors [22,23]. Figures 3.20(a) and 3.20(b) show a com-
parison between the detected φOTDR traces when first and second-order Raman amplification
are performed. The duration of the employed optical pulses was 100 ns and the both Raman
pump powers (propagating and counter-propagating with the pulse) were around 28.5 dBm.
As it is observed in Figures 3.20(a) and 3.20(b), the advantage of using second-order Raman
amplification over first-order Raman amplification is clear as the trace presents higher flatness
along the fiber under similar measurement conditions. This ensures the best performance as
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(a) First-order Raman amplification [22]. (b) Second-order Raman amplification [22].
(c) Brillouin amplification [25]. (d) Combination of first and second-order Raman am-
plification with Brillouin amplification [27].
Figure 3.20: Obtained φOTDR traces with different distributed amplification techniques.
higher amplitude of oscillations and therefore higher SNR is achieved in the lowest sensitivity
point [22].
Regarding φOTDR with coherent detection, first-order Raman amplification has been also
implemented [24], achieving an SNR improvement compared to [22,23]. In this case, similar fre-
quencies (up to 375 Hz) over 125 km, with a spatial resolution of 8 m were achieved. However, as
it was presented in Subsection 3.4.2, the complexity of the scheme is considerably increased since
coherent detection is implemented (requiring a laser with a linewidth three orders of magnitude
lower than the one needed in direct detection scheme).
The use of high pump powers required in Raman amplification is another concern of this
technique. Since Stimulated Brillouin Scattering (SBS) presents higher gain coefficient (three
orders of magnitude) than Stimulated Raman Scattering (SRS), Brillouin amplification can
be a quite interesting alternative to Raman amplification. A φOTDR assited by Brillouing
amplification for intrusion sensing over 124 km was demonstrated [25, 26]. The duration of the
pulses was 400 ns and the Brillouin pump presented a power of only 9.5 dBm, considerably lower
than the Raman case [22]. An example of the φOTDR traces obtained with these parameters
is shown in Figure 3.20(c) [25]. Furthermore, in this case, coherent detection (with an ultra-
narrow linewidth laser of 100 Hz) and wavelet denoising, were used. Brillouin gain is dependent
on the frequency difference between the signal and the pump, known as Brillouin Frequency
Shift (BFS). Since BFS depends on strain/temperature, the system can become unstable. This
is one of the main limitations of this technique.
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The maximum sensing range achieved at the present time is 175 km without the use of
repeaters. This record was achieved combining first and second-order Raman amplification with
Brillouin amplification [27]. Additionally, a customized fiber link with varying BFS gain was
required in order to achieve non-uniform Brillouin gain along the fiber. In this example, Raman
pump power in both directions was around 30 dBm and the Brillouin pump power around 0.75
dBm. The employed optical pulses presented a duration of 250 ns which implies 25 m of spatial
resolution. The resulting φOTDR trace is represented in Figure 3.20(d) (blue), in which it is
proved the SNR is maintained along the entire fiber. The obtained trace when the Raman pump
is turned off is represented in red [27].
In this work, first-order Raman amplification has been used combined with linearly-chirped
pulses. The results will be explained in Chapter 7, where a Long Range Chirped-Pulse φOTDR
will be presented. In this case, the maximum measurable range achieved was 75 km (10 m spatial
resolution), in front of the 11 km without Raman amplification, previously reported [134].
3.5.2.2 Coding Techniques
As it is well known, the maximum repetition ratio with which optical pulses are sent to the fiber
is limited (see Equation 3.2), since the superposition of traces generated from different pulses
must be avoided. However, pulse coding offers an interesting solution to this limitation, allowing
to send multiple pulses within one Ttrigger (Ttrigger = 1/ftrigger) [4, 5, 85–93]. Thus, the energy
imputed to the fiber is increased and the SNR of the trace is higher if the signal can be correctly
demodulated. This allows to increase the sensing distance without loss of resolution, maintaining
the same pulse peak power. The SNR improvement when return-to-zero (RZ) simplex codes of
length L are employed is (L+ 1)/(2
√
L) [5, 87–89].
The use of pulse coding in Raman OTDR [4, 5], Brillouin optical time-domain analysis
(BOTDA) [85–87] and incoherent OTDR [88, 89] is well demonstrated since the addition of
the intensity of the traces generated from each bit is linear. In that case, the implementation of
pulse coding and corresponding signal trace demodulation can be carried out only using simple
direct detection.
However, in the case of φOTDR, the traces backscattered from the different bits are coherent
and will interfere making the addition of intensity of traces a non-linear process. Thus, the
decoding process will present major distortions when direct detection is used. In 2016, the idea
of pulse coding in φOTDR using only direct detection was proposed [90, 91]. It was achieved
tuning the relation between the laser linewidth and the size/separation of the bits, so that
the laser coherence length was lower than the bit separation (avoiding interference between
traces) but was higher than the bit size (indispensable condition in φOTDR systems). In the
experiment, a ∼9 dB SNR improvement (255 bit) was achieved. The authors compared a
measured vibration spectra obtained with cyclic coding and a Distributed Feedback (DFB) laser
with ∆f ≈ 4 MHz and that with single pulse and a highly stabilized External Cavity Laser
(ECL) with ∆f ≈ 50 kHz. To do this, a 500 Hz sinusoidal vibration was applied to the fiber
using a Piezoelectric Transducer (PZT) with the two lasers using the same parameters including
the pulse width, sensing distance and optical power at the input of the FUT. The measured
vibration was represented in Figure 3.21 [91]. These results show that the technique proposed
in [90,91] allows decreasing the linewidth requirements of the master laser while maintaining the
SNR of the measurement, but not increasing the SNR of a configuration using a high-coherence
laser.
In the same year, random and non-periodical Non-Return-to-Zero (NRZ) Phase-Shift Key-
ing (PSK) pulse coding was implemented in a φOTDR [92]. For this, it was required an I/Q
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Figure 3.21: Vibration spectra using DFB laser (single pulse and 255 bits cyclic code) and a
frequency stabilized ECL [91].
Figure 3.22: Phase variation of the φOTDR signal over time for different fiber points when a
500 Hz strain variation is applied to three fiber sections using a dual polarization QPSK data
format [92].
(homodyne) detection unit for a full (amplitude, phase and polarization) characterization of the
backscattered optical signal. Thus, a fully linear system in terms of φ OTDR trace coding/de-
coding was achieved [92]. In the proposed technique, using a code exceeding N = 32767 (215−1)
bits over a duration of 8.2 µs (4 Gbaud), distributed sensing of dynamic strain with a sampling
of 125 kHz and a spatial resolution of 2.5 cm (set by the bit size) over 500 m was demonstrated.
The theoretical gain G in SNR (using PSK) due to the use of coding was G = (N+1)/
√
2N = 21
dB [92]. Some of the obtained results are represented in Figure 3.22 which shows the phase vari-
ation of several points, before, at, and after three strained fiber sections when a sinusoidal strain
variation of 500 Hz was applied by a translation stage (using dual polarization QPSK).
The presented results demonstrated that the proposed approach is valid for arbitrary data
modulation formats, using random data comparable to that obtained in real communication
links. One year later, the same authors upgraded the results using a 2000 m fiber and a
cyclic Pseudorandom Binary Sequence (PRBS) pulse modulation, modulated using binary PSK
(BPSK) at 4 Gbaud and with 1 million (220− 1) bits of period i.e., 0.26 ms [93]. The estimated
gain using this high number of bits is G = 28.6 dB.
The main limitations of this technique are directly related to the limitations of the actual
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phase recovering methods, which are greatly dependent on the laser phase-noise and temperature
fluctuations in the FUT.
3.5.2.3 Optical Pulse Compression Reflectometry − OPCR
In this subsection, a technique called Optical Pulse Compression Reflectometry (OPCR) is
presented [94–96]. It is inspired by the concept of pulse-compression radar [135]. This technique
involves the use of optical pulses with Linear Frequency Modulation (LFM) and relatively wide
pulse widths. Thus, the power of the returned wave is high enough to achieve long sensing
distances with high SNR. Followed by numerical compression of the received backscattered
trace using a simulated matched filter, the technique gives an spatial resolution determined by
the sweeping range of the LFM (B) rather than the pulse width. This overcomes the trade-off
between spatial resolution and measurement range in the conventional pulse-based optical time
domain reflectometry.
Figure 3.23 shows a qualitative description of pulse-compression process. The original LFM
pulse (see Figure 3.23(a)) is compressed by the matched filtering process as a narrow sinc-like
pulse (see Figure 3.23(b)), since the shape of the original pulse is square. If the sweeping range
of the LFM is B, the Full Width at Half Maximum (FWHM) or 3 dB width of the main lobe
would be determined by 1/B. In this process, the total energy of the original pulse is conserved.
Thus, the resulting compressed pulse will present a higher peak power (not represented by the
authors in 3.23(b) [94]). In OPCR the match filter is applied to the backscattered signal and
the resulting trace presents higher SNR and resolution.
(a) Time-domain profile of LFM pulse. (b) Compressed pulse (3-dB width equal to 1/B).
Figure 3.23: Qualitative description of pulse-compression process [94].
In 2017, a verification experiment was implemented by using a source with a linear frequency
sweeping range of 420 MHz achieving a spatial resolution of 30 cm. Vibrations of 200 Hz were
detected with an SNR of 10 dB at a sensing distance of 19.8 km [95]. Recently, vibrations of
700 Hz along 50 km with a spatial resolution of 34 cm has been demonstrated [96].
Similarly to coding techniques, the limitations of OPCR are directly related to the limitations
of the actual phase recovering methods, since the phase information of the backscattered signal
is required to implement the matched filter. The effect of laser phase-noise and the effect of
random polarization evolution along the trace limit the technique performance.
In Chapter 4 (Section 4.3), a new φOTDR configuration inspired by the concept of Chirped
Pulse Amplification (CPA) [48, 49] will be presented. This method is conceptually similar to
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that of OPCR, with the critical advantage that the process of pulse compression is directly
realized in the optical domain, avoiding the need for phase detection of the backscattered trace
and subsequent digital processing. This process not only greatly simplifies the scheme, but also
largely reduces the polarization sensitivity. The method proposed achieves spatial resolutions in
the millimeter range, while increasing the SNR by several orders of magnitude with respect to
conventional φOTDR techniques.
3.5.2.4 Post-Processing
The noise sources previously discussed can mask or deteriorate the φOTDR signals. Until this
moment, the proposed solutions have been based on the use of optical improvements (distributed
amplification [19–27], coding techniques [4,5,85–93] and OPCR [94,95]. However, there are some
post-processing methods for increasing the SNR of φOTDR signals that are worth noting.
The most conventional post-processing method is averaging the φOTDR traces. If traces
are averaged N times, the signal fluctuations will be reduced by
√
N resulting in an SNR
increase. However, this method decreases the measuring repetition rate (ftrigger) by N , which
is a huge limitation when dynamic measurements must be implemented. Furthermore, moving
averaging [30] can be an interesting method for noise reduction, which essentially removes high
frequencies and retains low frequencies, and therefore a reduction of the detection bandwidth
occurs.
In signal processing of image, edges which are used for labeling the abrupt points or the points
with a significant variation in gray level can provide the position information of the object, so
the edge detection [136] plays an important role in the application of image analysis. Based on
this assumption, Rayleigh backscattered traces are composed of a two-dimensional image and
location information of intruder can be measured by edge detection method [98]. Implementing
this idea, it can be increased the SNR to 8.5 dB compared to these conventional methods [98].
Recently, a 2-D image restoration has been demonstrated to greatly improve SNR in dis-
tributed optical fiber sensors including Brillouin optical time domain analysis (BOTDA) and
Raman-distributed sensor systems [137]. This method can enhance SNR dramatically by ex-
ploiting the redundancies and correlations contained in the multidimensional signal (frequency,
time, position). Nevertheless, it might be not practically implementable for φOTDR system
(which needs fast response for dynamic measurements) since it takes a lot of computational
time and impractical for real-time monitoring [99]. In 2017, He proposed and demonstrated an
adaptive 2-D image processing method of bilateral filtering algorithm [138–141] to enhance the
SNR of vibration/intrusion location in φOTDR [99]. The proposed method achieves an extra
SNR improvement over 13 dB compared to the edge detection method [98]. However, it takes a
little more processing time.
Besides the conventional time-domain techniques mentioned above, transform domain meth-
ods are used as alternatives for SNR improvement. By Fourier transforming the Rayleigh
backscattering traces, 9.5 dB of SNR was achieved with a spatial resolution of 3.7 m [100].
There is another method, called Wavelet Denoising, which tries to reduce the noise in the signal
without reducing the bandwidth of detection [24,35,97]. In 2012, Qin described the principle of
the method [35]. It consists on decomposing the signal into a series of base functions of dilated
and translated versions of the mother wavelet function. The wavelet coefficients are obtained
from the wavelet transform (which can be continuous [97] or discrete [35]). The corresponding
coefficients to noise are removed and the reconstructed signal presents higher SNR. However,
this method requires to be adapted to every different particular φOTDR configuration.
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3.6 Other Distributed Sensing Techniques
In this section, some DOFSs based on Raman, Brillouin and Rayleigh scattering in terms of
their linearity, speed, accuracy, range and spatial resolution measurement are analyzed.
Raman-based sensors present spatial resolutions around 1 m over a few of km. They present
good linearity in temperature measurement with an accuracy of 1 K [4, 5]. However Raman-
based sensors spend few minutes in each temperature measurement and they are immune to
strain.
Another important group of DOFSs are the ones based on Brillouin scattering, which mea-
sures linearly strain and temperature changes in the fiber. Brillouin Optical Time Domain
Analysis (BOTDA) is the most extended DOFS technique based on this inelastic scattering. In
BOTDA a pump pulse wave, launched into one end of the sensing fiber, non-linearly interacts
with a counter-propagating CW probe wave launched from the fiber opposite side. By scanning
the relative optical frequency between the pump and probe waves, the Brillouin Gain Spectrum
(BGS) and the Brillouin Frequency Shift (BFS) are recovered. BFS corresponds to the center of
BGS and it is the frequency of maximum interaction between the pump and probe waves. It de-
pends linearly on strain/temperature (CνBε ≈ 50 MHz/µε and CνBT ≈ 0.95 MHz/K at 1550 nm
for typical SMFs). Thus, from the BFS measurement the values of the local strain/temperature
are extracted. BOTDA systems has been shown to allow presents spatial resolutions of 1 m over
sensing ranges of 100 km [6]. The strain/temperature accuracy is around 20µε/1K. However,
due to the requirement of a large of number averages and a frequency sweep, the measurement
times are typically of several minutes making impossible the development of dynamic measure-
ments. Brillouin Optical Time Domain Reflectometry (BOTDR) implementations allow to do
dynamic strain/temperature measurements over a few kilometers with an accuracy of 20µε/1K
and spatial resolution of 1 m [10]. However, sampling ratios higher than few Hz have not been
achieved. Brillouin Optical Correlation Domain Analysis (BOCDA) achieves sampling rates of
tens of Hz and strain/temperature accuracy similar to BOTDR [7]. However the sensing range
is typically limited to some hundred of meters.
Real dynamic sensing in Brillouin DOFSs was achieved with the implementation of a Fast
BOTDA by Peled et. al [8]. This technique implements sampling rates of tens of kHz with
strain/temperature accuracy of 1µε/50mK, although the technique was best suited for short
fibers (100 meters) and low number of averages. This technique still required frequency sweep,
which implies maintaining some experimental complexity and cost. The same group later demon-
strated a practical utilization of the Slope-Assisted BOTDA (SA-BOTDA) to allow for strain
measurements without requiring a frequency sweep [9]. It is probably the most extended DOFS
for dynamic sensing based on Brillouin scattering. In this case, the dynamic response is achieved
by a tuning of the slope of the Brillouin gain response of the fiber (see Figure 3.24). The working
point is fixed to the center of the linear region of one of the BGS slopes. Then, when the fiber
suffers a strain/temperature change, the BGS shifts and the temporal gain increases or decreases,
with respect to the gain at the working point, depending on the direction of the temporal BGS
shift.
SA-BOTDA allows dynamic sensing with sampling rates of 10 kHz over hundreds of me-
ters and strain/temperature accuracy of 1µε/50mK. However, the technique presents several
limitations, particularly concerning the strain dynamic range. The useful dynamic range for
strain/temperature measurements depends on the frequency extent of the slope, which is of the
order of the FWHM of the BGS. In practice, pump pulse widths longer than ∼50 ns provide
only a dynamic range of ∼600 µε. Furthermore, if the BFS is not uniform along the whole fiber
(due to non-uniformity temperature/strain distribution or the use of different fiber spools), the
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Figure 3.24: SA-BOTDA operation principle. Brillouin gain spectra of a fiber segment under
time average (black), high (blue) and low (red) strain values. A frequency working point is
chosen near the center of the left slope; see the black point on the black Lorentzian. Positive
(negative) strains induced to the fiber, shift the BGS to higher (lower) frequencies, thereby
modulating the Brillouin gain experienced by the propagating probe wave [9].
measurement along the entire fiber is not achievable.
Regarding DOFSs based on Rayleigh scattering, these sensors require lower averaging than
Raman or Brillouin, therefore they are better suited for dynamic measurements as vibration
sensing. In the frequency domain, Optical Frequency Domain Reflectometry (OFDR) can pro-
vide high spatial resolutions in the order of sub-decimeter (even sub-millimiter resolution), but
is typically limited to short fiber sections (few hundred of meters maximum) due to the sweeping
laser requirements [11–18]. The strain/temperature measurement accuracy is around 1µε/0.1K
when phase detection is implemented [17]. However, OFDR do not allow sampling rates much
higher than some tens of Hz. OFDR is based on swept-wavelength homodyne interferometry [11],
in which the frequency of the pump signal is varied slowly by a time-linear sweep. Then, the
backscattered wave is mixed with a coherent reference wave (pump signal) at the detector, thus
implementing coherent detection. A general OFDR setup is shown in Figure 3.25 [3].
Figure 3.25: Typical OFDR system. PC, Polarization Controler; OPD, Optical Path Difference;
P, Photodetector; D, Digitizer [3].
Temperature and strain changes induce phase differences via index variation. These phase
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differences are measured by using optical coherent detection (see Figure 3.25). [12]. Hence, Co-
herent OFDR (C-OFDR) can be used for temperature [16], and strain [14] sensing by measuring
the path length difference of the Rayleigh scattered light and a reference arm for their physical
length change and index change [3].
The backscattered signal detected in a OFDR is in the frequency domain. Then the signal
is transformed to the temporal domain using FFT. Next, the temporal trace is divided in seg-
ments and each segement is analyzed individually in the frequency domain (by using Inverse
Fast Fourier Transform, IFFT). When a section suffers a refractive index change (induced by
temperature or strain change) the spectrum of that section suffers a frequency shift (see Equa-
tion 3.21). Thus, by means of cross-correlations, it is possible to detect and measure refractive
index changes in a OFDR from the frequency shift. The spatial resolution of the measurement,
W , is directly related to the resolution in the time domain and is determined by the optical
frequency sweep range ∆F as follows [3]:
W = c2ng∆F
(3.25)
An unbalanced auxiliary Mach-Zehnder interferometer is used to correct the non-linearity of
the tunable laser, which is also employed as a trigger signal for sampling the Rayleigh scattering
signal. Being τg the differential delay in the auxiliary interferometer used to calibrate the tunable





However, OFDR systems present some limitations which are summarized below [3]:
1. Spatial resolution is limited by tuning range and chromatic dispersion. Higher spatial
resolution is obtained increasing the tuning range ∆f . However, due to chromatic disper-
sion, different frequencies present different group velocities. This results in larger spatial
resolution since ordinary FFT processing treats all the frequency components with same
speed.
2. Trigger interferometer induced limitation. If the sensing range is increased, the delay
length of the trigger interferometer must be increased too. Temperature or strain changes
due to environmental conditions destabilize the trigger. Due to accumulation of these
environmental effects on the delay length of the trigger interferometer, the spatial location
will be distorted at the far end of the fiber, since the data processing cannot correct this
mistake
3. Maximum sensing length is limited by phase-noise of the laser, since the phase-noise in-
creases with the separation between the local oscillator and the backscattered light. Thus,
for long sensing lengths, the phase-noise could be higher than the Rayleigh scattered signal.
For this reason, phase-noise limits the maximum sensing length.
In contrast, as for measurements in the time domain, Phase-Sensitive Optical Time Domain
Reflectometry (φOTDR) can perform measurements over 100 km with spatial resolutions of a
few meters [21, 23, 24, 26, 27]. As it was explained in Subsection 3.2.1, the maximum sampling
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frequency is delimited by the fiber length. Thus, for a few kilometers the bandwidth can arrive
to tens of kHz [34, 35]. Using direct detection however, measurements are based on intensity
variations of the φOTDR signal which does not show a linear variation with the applied pertur-
bation. Thus, true strain/temperature readings can not be performed unless coherent detection
or frequency sweeps are deployed.
With the first technique, known as Coherent OTDR (C-OTDR), the dynamic measurement of
strain/temperature has been demonstrated [31–33] with a very high strain/temperature accuracy
of approximately 10nε/1mK, three orders of magnitude below the typical resolutions of 20µε/1K
provided by BOTDA sensors. The typical sensing ranges are around tens of kilometers with tens
of meters spatial resolution [31,33]. In this case however, the system is more complex and laser
coherence of at least the fiber length are required in order to avoid noise when beating the signal
with the local oscillator. The long term-stability of such systems (i.e. after several minutes or
hours) and therefore feasibility for static temperature measurements over several hours has also
not been clearly addressed either.
On the other hand, by precisely sweeping the frequency of the pulses step by step, φOTDR
has been shown to allow also for very sensitive static measurements of refractive index variations,
which can be used for very high resolution temperature [36], strain [37] and birefringence [38,39]
measurements. For instance, the demonstrated strain/temperature resolutions are similar to the
obtained with C-OTDR [37]. However, due to the requirements of a frequency scan, in this case
the measurement time and complexity of the system is increased. Generally this technique is







Raman [5] 3 7 - / 1 K 1 km / 1 m
BOTDA [6] 3 7 20 µε / 1 K 100 km / 1 m
BOTDR [10] 3 1 Hz 20 µε / 1 K 1 km / 1 m
BOCDA [7] 3 10’s Hz 20 µε / 1 K 100’s m / 1 m
Fast BOTDA [8] 3 10 kHz 1 µε / 50 mK 100’s m / 1 m
SA-BOTDA [9] 3 10 kHz 1 µε / 50 mK 100’s m / 1 m
C-OFDR [17] 3 10’s Hz 1 µε / 100 mK 10’s m / 10’s cm
φOTDR [34] 7 10’s kHz - 10’s km / 10’s m
C-OTDR [31,33] 3 10’s kHz 10 nε / 1 mK 10’s km / 10’s m
Frequency-Swept
φOTDR [37]
3 1 kHz 10 nε / 1mK 10’s km / 1 m
Table 3.1: Performance data of DOFSs used for linear and dynamic sensing.
Table 3.1 summarizes all the information presented in this section. A selection of the most
representative works of each technique have been done. It is possible to conclude that, in gen-
eral, the Rayleigh based sensors are more suitable for dynamic sensing than the based on Raman
or Brillouin scattering, particularly the three that work in the time domain. These three tech-
niques are the φOTDR and its two variants the C-OTDR and Frequency-Swept φOTDR. The
first one presents the simplest implementation method, while the others show considerable higher
3.7. Summary 65
complexity. However, as it was commented, φOTDR technique does not allow for truly strain
and temperature sensing. The main objective of this dissertation will be the development of a
DOFS based on φOTDR technology which allows the real measurement of strain and tempera-
ture while maintaining the best features of a φOTDR sensor: simplicity, cost-effective, real-time
measurement and competitive range and resolution. This sensor will be proposed in Chapter 5
and it will be based on the use of chirped-pulse optical pulses allowing strain/temperature mea-
surement accuracy lower than 4nε/0.5mK. Moreover, some applications require high resolution
measurements, in some cases, millimetrical resolutions. This is the case of wall or pipeline crack
development monitoring. To achieve these high resolutions it is required to employ extremely
short pulses, reducing considerably the SNR of the system which makes the measurement im-
possible in some cases. To solve this, in Chapter 4 it will be proposed a φOTDR upgrade based
on Chirped Pulse Amplification (CPA) to detect deformations with 3 mm spatial resolution.
3.7 Summary
Along this chapter the essentials of the φOTDR technique as well as its main limitations have
been reported: non-linear sensing and signal to noise ratio.
φOTDRs work analyzing in the time domain the backscattered signal generated by a highly
coherent optical pulse traveling along a fiber cable. This generated power trace remains constant
over the time if the optical fiber remains stable. However, when a point of the fiber is perturbed,
the pattern presents changes in that point. This turns φOTDR a powerful technique that allows
the fully distributed monitoring of vibrations along an optical fiber cable. As consequence
of it, this technique becomes in an optical solution to long perimeters surveillance and long
infrastructures monitoring [111].
One of the main limitations of this technology is its non-linear response to refractive in-
dex changes. It becomes an important issue when real acoustic sensing or temperature/strain
measurement is required. In these cases, other techniques such as coherent detection [31] or
frequency sweep [36, 38, 39] must be implemented. The fundamentals of these methods and
their limitations have been described along this chapter. Different DOFSs based on the three
scattering processes (Rayleigh, Brillouin and Raman) allow linear measurements of tempera-
ture/strain, however they present other limitations such as complexity, low maximum sensing
range, poor strain/temperature accuracy or only capability for quasi-static measurements. This
analysis is presented at the end of this chapter and summarized in Table 3.1. To solve this
problem, a new method based on φOTDR using chirped pulses will be presented in Chapter
5. The technique allows to solve the the non-linear limitation of traditional φOTDR without
the requirement of a frequency scan or coherent detection. Distributed sensing of strain and
temperature, with resolutions of 0.5mK/4nε and real acoustic sensing has been achieved with
the proposed technique.
Regarding the SNR limitations, the critical trade-off that there is between the spatial res-
olution and range in φOTDR based sensors has been discussed. To be able to increase the
range maintaining the resolution of a φOTDR, the trivial solution is to enhance the pulse
peak power. However, the peak power cannot be increased indefinitely due to the onset of
non-linear effects [106, 107]. The most important techniques to overcome this trade-off and
their immediate limitations have been proposed: distributed amplification [19–27], coding tech-









In φOTDR-based sensing schemes, a highly coherent optical pulse is injected into the sensing
fiber. The received power trace is produced by coherent interference of the light reflected via
Rayleigh scattering in the inhomogeneities of the fiber. This yields in traces that show a static,
noise-like interference pattern. Ideally, the probe pulse should be as narrow as possible to
achieve high spatial resolution measurements, and it should have as much energy as possible to
achieve the best possible Signal to Noise Ratio (SNR) in detection. This combination leads to
high peak power pulses, which are subject to non-linear impairments in their propagation along
the sensing fiber that degrade the received backscattered trace as well as the effective sensing
detection [106,107]. Preventing these effects imposes a maximum peak power of optical pulses,
which in turn limits the SNR (and hence the measurement range) of the received backscattered
trace. To improve these parameters, it is necessary to broaden the probe pulse width, which,
at the same time, deteriorates the spatial resolution of the system. Hence, there is a trade-off
between the spatial resolution (pulse width), length range (pulse peak power), and SNR of the
received power trace.
In this chapter, two different approaches to address the limits of these systems are shown.
First, the impact of the probe pulse shape in the backscattered trace of φOTDR-based systems is
analyzed. Gaussian and triangular-shaped pulses show a higher robustness against Modulation
Instability (MI). Thus, the use of these pulse shapes (instead the conventional rectangular shape)
shows a better behavior in terms of evolution of the visibility along the distance, which should
reflect into a better sensing performance [124]. Secondly, a method inspired by the concept of
Chirped Pulse Amplification (CPA) is proposed [48, 49]. Spatial resolutions in the millimeter
range, while increasing the SNR by several orders of magnitude with respect to conventional
φOTDR techniques, are achieved with this method [142].
As it was discussed in Chapter 3, the intensity variation that a point of the trace suffers when
the fiber is perturbed by any disturbance in that point is not lineal (see Equation 3.15). The
use of coherent detection to solve this limitation was explained in Subsection 3.4.2. However,
the fact that the backscattered signal is beaten with a Local Oscillator (LO) implies an increase
of complexity, polarization and phase-noise limitations.
For this reason, finding a self-refereed technique that allows the complete electric field re-
covery (amplitude and phase) of the backscattered trace would be a disruptive solution with
potential to address fundamental limitations of φOTDR. Phase Reconstruction using Optical
Ultrafast Differentiation (PROUD) is a powerful candidate for this purpose. In this chapter, the
possibility of using PROUD in a φOTDR sensor is explored [143].
4.2 SNR Enhancement in φOTDR Using Probe Pulse Shaping
In standard φOTDR schemes, the most common type of pulses used are the rectangular-shaped
ones. The typical width is around tens of hundreds of nanosecond and peak powers under 1
W. With this pulse performance is possible to achieve intensity traces of tens of kilometers with
acceptable SNR. In the literature, the effect of the probe pulse shape in the sensor performance
has been investigated in the case of Brillouin-based distributed sensors [144]. This study has
determined that the use of rectangular pulses is more convenient than other narrower-bandwidth
shapes (e.g., Gaussian-like) for Brillouin sensors, since rectangular-shaped pulses suffer less spec-
tral broadening due to Self-Phase Modulation (SPM), leading to a better determination of the
Brillouin gain spectrum along the fiber. However, a similar analysis has not been done for
70 Addressing the Limits of φOTDR
φOTDR technology to date, where the most important consideration is the visibility of the
trace along the fiber. While the trace visibility (associated to the coherence of the probe pulse)
is ultimately dependent on the pulse spectral form, the principle of operation (and mechanism
leading to signal degradation) of φOTDR is substantially different from that of Brillouin-based
sensors. Therefore, it is interesting to investigate the optimal pulse shape specifically for this
φOTDR. Rectangular-shaped pulses show a continuous level of light power along a relatively
long temporal width, which induces a reversible power exchange between the probe and the
sidebands amplified by the MI gain at well-defined peak frequencies. This effect is known as the
Fermi–Pasta–Ulam (FPU) recurrence, and it is ultimately responsible for a significant reduction
of the trace visibility at specific positions in the trace [106,122].
In this section, an analysis of the impact of the probe pulse shape in the backscattered trace
of φOTDR-based sensing systems is presented. In particular, we compared the traces received
after launching probe pulses into the fiber with the same energy and nominal spatial resolu-
tion (defined considering the Full Width at Half-Maximum (FWHM) of the probe pulses) and
four different shapes: Gaussian-like, triangular, super-Gaussian (order 2), and rectangular. We
performed numerical simulations that are subsequently validated by an experimental demon-
stration. Our analysis shows that the use of rectangular-like pulses is the most detrimental for
sustaining an adequate visibility (and consequently, sensing sensitivity) all along the received
power trace. Gaussian and triangular-shaped pulses show a better behavior in terms of evolution
of the visibility along the distance, which should reflect into a better sensing performance.
4.2.1 Probe Pulse Shaping Technique
Prior to the realization of experimental tests, we have carried out a series of numerical simulations
that have helped us to identify notable differences in the obtained power trace depending on the
shape of the probe pulse envelope. The algorithm employed in the numerical simulations has
been developed as follows: first, the propagation of the probe pulse is simulated by solving the
Non-linear Schrödinger Equation (NLSE) using a split-step Fourier method with adaptive step
size [121].
Figure 4.1 shows the input pulse shapes employed in the numerical simulations (dashed line),
and compares them with the modulated probe pulses subsequently employed in the experimental
demonstrations (solid line). All the pulses are centered at 1550 nm, and all of them have a
FWHM of 100 ns (i.e., all of them achieve the same nominal spatial resolution). Two different
values of pulse energy have been employed, namely, 91 nJ and 165 nJ (equivalent to values of
peak power of 910 mW and 1650 mW, respectively, in the case of rectangular pulses). The peak
power of the different pulses has been adapted to achieve the aforementioned pulse energy with
the aim of generating traces that maintain the same SNR, considering that the energy of the
pulse depends on its power shape and duration (E =
∫
P (t)dt). For the simulations, the sensing
fiber is considered to be a 25 km long Single-Mode Fiber (SMF-28). The specifications of the
fiber: non-linear coefficient γ = 1.1 W−1km−1, second-order dispersion parameter β = −21.7
ps2/km, and attenuation α = 0.2 dB/km.
Once the evolution of the optical pulse is known, the Rayleigh scattering process is simulated
using the algorithm described in [145]. In particular, the backscattering process is modeled by a
set of discrete scatterers (reflectors) whose amplitude and phase are characterized as statistically
independent random Gaussian variables, while their coordinates are deterministic (the random
phase of the scatterers contributes to the final backscattered trace as if they had randomly
distributed positions). The complex envelope of the optical probe pulse is updated while it
propagates along the fiber, employing the results obtained from the NLSE resolution. Finally,
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(a) Gaussian (b) Triangular
(c) Supergaussian (d) Rectangular
Figure 4.1: Input pulses launched into the φOTDR system. Dashed lines represent the pulses
employed in numerical simulations, while solid lines show the pulses employed in the experimen-
tal demonstration [124].
the power trace is calculated from the resulting backscattered electromagnetic field by modeling
the effect of a photodetector: the backreflected optical intensity is computed as a function of
the time of flight of the pulse in the fiber, and the resulting signal is low-pass filtered according
to the detection bandwidth of the photodetector. In this case, the bandwidth of the considered
photodetector is 125 MHz. The visibility of the resulting traces is plotted in Figure 4.2, which
is computed as [106]:
V = (Tmax − Tmin)/(Tmax + Tmin) (4.1)
where T max and T min are the maximum and minimum values of the trace over a certain
distance record. In order to obtain a good estimation of the trace visibility, the size of the
employed window should contain a statistically relevant number of trace maxima and minima.
Generally, a window of several times the spatial resolution of the trace (∼10 m in this case) is
considered. In this case, a window of 60 m has been employed.
Note that in the case of a propagation of pulses with 165 nJ of energy, only a 15 km long
trace is presented, since no additional information can be extracted from the last 10 km of trace.
From the obtained numerical results, we observe that if rectangular pulses are used as a probe,
the power trace suffers from fading at specific positions along the trace. At those positions,
the sensing sensitivity is nearly lost. The positions where fading occurs are closer to the input
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(a) When the energy of the input pulses is 91 nJ.
(b) When the energy of the input pulses is 165 nJ.
Figure 4.2: Visibility of the numerically obtained power trace [124].
end of the fiber for higher values of peak power, leading to a shorter usable length range of the
sensors. However, when using probe pulses whose power is not constant along its width, e.g.,
with Gaussian-like or triangular shapes, the MI-induced trace fading is significantly reduced.
The reason is to be found in the different behavior of the FPU recurrence associated to MI with
these probe pulse shapes.
MI manifests as a breakup of Continuous Wave (CW) or quasi-CW radiation into a train of
optical pulses [40]. The propagation of (quasi-) CW light is inherently unstable under anomalous
dispersion. As a result, the signal of interest acts as a pump in an amplification process of any
small perturbation (e.g., noise) present in the gain spectrum of MI, leading to a depletion
of the signal power. In Figure 4.2, we observe that the visibility of all the traces decreases
starting from a certain fiber length, ∼10 km for pulses with an energy of 91 nJ and ∼5 km
for pulses of 165 nJ, due to MI. However, in the case of rectangular or super-Gaussian pulses,
the trace visibility presents a strong fading immediately after those locations, and subsequently
it is partially recovered, forming several lobes. Those lobes that appear in the visibility trace
are caused by the FPU recurrence phenomenon [106]: the quasi-CW radiation (rectangular
pulses) fosters an oscillating energy transfer between the initial pulsed light and the high-order
amplified beams. The FPU recurrence requires a precise balance of energy transfer between a
significant number of spectral modes. This situation is not accomplished when the pulse shape
does not maintain the power level over a certain temporal width (i.e., when the pulse is not
rectangular). In those cases, the different intensity levels are associated with different MI gains
and frequencies, destroying the FPU process [122]. As we may observe, the trace obtained from
a triangular or Gaussian input pulse barely suffers from FPU recurrence and the trace visibility
4.2. SNR Enhancement in φOTDR Using Probe Pulse Shaping 73
decreases in a smoother fashion than that obtained from rectangular pulses. The behavioral
pattern ob- served from the simulation results states that the further the pulse envelope shape
is from the rectangular, the smoother the reduction of visibility due to the FPU recurrence of
the modulation unstable probe pulses for the same energy and same FWHM. We have verified
through simulations that the effect of the SPM of the pulses, contrary to the case of Brillouin-
based sensors [144], barely affects the final power trace as long as the spectral broadening of
the pulse lies within the photodetector bandwidth. Otherwise, the smooth visibility decay of
the traces will have an additional, reduced component due to the power filtered out by the
photodetector.
4.2.1.1 Experimental Setup
The presented numerical results have been validated through an experimental demonstration.
The setup employed is depicted in Figure 4.3. There, an external cavity laser generates the
CW light at a wavelength of 1550 nm. Then, the target power envelope, which is electrically
generated using a signal generator, is carved in the CW light using a Semiconductor Optical
Amplifier (SOA). The pulse is amplified using an Erbium-Doped Fiber Amplifier (EDFA) to
have the same peak power of the pulses employed in the numerical analysis.
Figure 4.3: Experimental setup. ECL, External Cavity Laser; SG, Signal Generator; SOA,
Semiconductor Optical Amplifier; EDFA, Erbium-Doped Fiber Amplifier; OC, Optical Coupler;
DWDM, Dense Wavelength Division Multiplexer; I&T, Intensity & Temperature [124].
The synthesized shape and power of the pulses are verified using a control arm located after
the EDFA (the measurements at this point are shown in Figure 4.1, solid line). The slope in the
peak power of the generated pulses, clearly observed in the super-Gaussian and rectangular-like
shapes, is due to the non-constant amplification gain of the SOA. A dense wavelength division
multiplexer is employed to filter out the amplified spontaneous emission noise from the EDFA,
and the resulting pulses propagate through a single mode fiber of 25 km.
4.2.1.2 Results
The received amplified traces are detected using a 125 MHz bandwidth photodetector, and are
plotted in Figure 4.4.
Figure 4.4(a) compares the measured power traces for different input pulse shapes and a pulse
energy of 91 nJ. For this value of peak power and rectangular pulses, the first fading induced
by the FPU recurrence occurs at around 11 km. Figure 4.4(b) shows a similar comparison, but
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(a) When the energy of the input pulses is 91 nJ.
(b) When the energy of the input pulses is 165 nJ.
(c) A detail of 100 m around kilometer 5.55 of Figure (b).
Figure 4.4: Experimental backscattered power trace from the different realizations of the exper-
iment [124].
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in this case the input pulse energy is 165 nJ. For this value of energy, the fading induced by the
FPU recurrence is more pronounced, and with rectangular pulses, the first fading point occurs
at about 5.5 km.
These experimental results are in line with the previously presented simulations results. Note
that at fading points, the trace practically disappears when rectangular pulses are employed (see
the detail of trace in 4.4(c)). However, the fading is highly reduced for different pulse shapes.
For example, when a probe pulse with Gaussian or triangular-like power envelope (blue and
yellow line, respectively) is employed, there is a certain visibility loss at the specified lengths
(i.e., 11 km for a pulse energy of 91 nJ and 5.5 km for an energy of 165 nJ), but the trace is still
visible at those points. As such, by varying the power shape of the probe pulse, it is possible to
increase the length range of φOTDR-based sensor systems while keeping the sensor resolution.
The visibility of the measured traces is calculated using Equation 4.1. A window of 60 m has
been employed for obtaining the maximum and minimum values of the power trace, similar to
the numerical analysis. The obtained visibility curves are plotted in Figure 4.5.
(a) When the energy of the input pulses is 91 nJ.
(b) When the energy of the input pulses is 165 nJ.
Figure 4.5: Visibility of the experimentally measured power trace [124].
We observe that the evolution of the trace visibility is very similar in our numerical and
experimental results. In both situations, the graphs show the same pattern in terms of vis-
ibility versus probe pulse shape. The differences between these results are associated to an
imperfect matching between the experimentally achieved peak powers as compared with the
numerical ones. Moreover, it is worth noting that in the simulations, the effect of polarization
has been neglected, and as such, a unidimensional problem is considered. In practice, the sum
of the two orthogonal polarizations reduces the visibility of the final trace [92]. Moreover, the
experimentally obtained traces have been averaged to reduce the noise.
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The averaged traces have a sufficiently high SNR, so that the effect of noise on the calculated
visibility can be neglected. Indeed, the phase-noise, together with temperature drifts that oc-
curred during the averaging process may also contribute to the fact that the visibility obtained
from the experimental results is lower than the numerically obtained visibility. It should be
noted that changing the pulse width has no effect on the conclusions of this study, if the pulse
spectral content is not significantly altered (e. g. going down to picosecond pulses).
4.3 SNR Enhancement in φOTDR Using CPA
To overcome the trade-off between the pulse width and the spatial resolution [106, 107], tech-
niques based on sequences of multi-wavelength pulses have been proposed in conventional OTDR,
in a method named Chirp-OTDR [146]. Regarding sensors using coherent probe pulses, a
technique called Optical Pulse Compression Reflectometry (OPCR) was recently proposed for
φOTDR [?, 94, 95]. This technique involves applying a Linear Frequency Modulation (LFM) to
the probe pulse, followed by numerical compression of the received backscattered trace using a
simulated matched filter. The spatial resolution (demonstrated value of 34 cm) was determined
by the pulse frequency bandwidth induced by the LFM process, rather than the pulse duration
(which could be raised up to 2 µs). This increase in pulse width, in principle, allows an increased
dynamic range and SNR. However, the technique requires phase detection (thus increasing the
complexity of the system) and shows some problems for a perfect compression, among them the
effect of laser phase-noise and the effect of random polarization evolution along the trace. We
demonstrated a new φOTDR configuration inspired by the concept of Chirped Pulse Amplifica-
tion (CPA), which was explained in Chapter 2 (Section 2.5) [48,49]. The method proposed here
achieves spatial resolutions in the millimeter range, while increasing the SNR by several orders
of magnitude with respect to conventional φOTDR techniques.
4.3.1 Chirped Pulse Amplification in φOTDR
The technique involves the temporal pulse stretching and amplification of an ultra-short (e.g.,
picosecond) probe optical pulse in a dispersive medium, followed by the propagation of such
a pulse through the Fiber Under Test (FUT) and the subsequent compression of the resulting
backscattered trace using the conjugated dispersive medium (i.e., a medium with the same
dispersion magnitude as the first one, but with the opposite sign). This method is conceptually
similar to that of OPCR, with the critical advantage that the process of pulse compression is
directly realized in the optical domain, avoiding the need for phase detection of the backscattered
trace and subsequent digital processing. This process not only greatly simplifies the scheme, but
also largely reduces the polarization sensitivity. The proposed technique has been experimentally
validated, proving a system with a spatial resolution of 1.8 cm and an SNR increase of 20 dB
with respect to the traditional φOTDR scheme.
To model our scheme, we start by considering a highly coherent optical pulse with a complex
envelope P (t) that is injected into the FUT. Typically, a Full Width at Half-Maximum (FWHM)
pulse width of nanoseconds is required for a sufficiently high SNR. The detected backscattered
signal E(t) is given by the convolution of P (t) and the backscattering impulse response of the
FUT r(t) [21,34,106]:
E(t) = P (t)⊗ r(t) (4.2)
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The backscattered signal is expressed in the spectral domain as:
E(ω) = P (ω) · r(ω) (4.3)
where E(ω), P (ω) and r(ω) are the Fourier transforms of E(t), P (t) and r(t), respectively.
In our approach, the input pulse P (t) has initially a width that is several orders of magnitude
smaller than those used in conventional φOTDR (e.g., down to the picosecond regime). To reach
a measurable energy in the measured trace, the probe pulse is first temporally stretched using
a second-order dispersive device, providing predominantly a linear group delay with respect to
frequency [49]. This leads to the spreading of the pulse energy over a longer temporal interval,
thus reducing its peak power. The stretched pulse is then amplified to the limit of appearance
of non-linear effects in the FUT (mainly MI), which are essentially dependent on the pulse peak
power [106]. Assuming that only second-order dispersion is introduced, the spectrum of the
stretched and amplified pulse Pst injected into the FUT is then:





where G is the gain introduced by the amplification stage and Φ̈ is the second-order dispersion
coefficient of the dispersive device. The received backscattered trace in the temporal domain is:
Est(t) = Pst(t)⊗ r(t) (4.5)
which expressed in the spectral domain is:
Est(ω) = Pst(ω) · r(ω) (4.6)
Using Equations 4.3, 4.4 and 4.6, we can write the backscattered signal in the frequency
domain as:





Upon arrival of the backscattered contributions, a second dispersive device with an equal
dispersion magnitude and an opposite sign is used to compensate for the dispersion induced in
P (t):





Substituting Equation 4.7 into Equation 4.8, the latter can be simplified as:
Ecomp(ω) = G · E(ω) (4.9)
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and therefore, the final compensated backscattered signal is expressed in the temporal domain
as:
Ecomp(t) = G · E(t) (4.10)
It can be concluded from Equation 4.10 that the presented system behaves essentially as
a conventional φOTDR, with a spatial resolution given by the input pulse width before time
stretching. The SNR of the measurement, however, is dictated by the energy of the transmit-
ted pulse after time stretching and amplification, which can be substantially increased before
reaching the non-linearity threshold.
4.3.1.1 Experimental Setup
The experimental setup used to demonstrate this concept (Figure 4.6) is similar to a traditional
φOTDR, such as the ones reported in Chapter 3 (see Figure 3.8) or previously in Subsection 4.3
(see Figure 4.3), but including two opposite dispersive media in a configuration that emulates a
CPA scheme. In this example, we use two Linearly-Chirped Fiber Bragg Gratings (LC-FBGs)
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Figure 4.6: Experimental setup of a φOTDR using CPA concepts [142, 147]. EDFA, Erbium
Doped Fiber Amplifier; LC-FBG, Linearly-Chirped Fiber Bragg Grating.
A passively mode-locked laser (working at a central wavelength of 1555.4 nm) generates
transform-limited optical pulses with a FWHM of 7 ps (corresponding to a 3 dB bandwidth of
55 GHz), at a repetition rate of 10 MHz. The high repetition rate of the source limits the sensing
range to a maximum length of 10 m. For this reason, the FUT used in this proof-of-concept is a
spool of Single-Mode Fiber (SMF) with a length of approximately 8 m. The sensing range could
be extended by simply choosing a lower-rate pulse source. However, it is worth noting that the
range could not be extended arbitrarily: dispersion-induced pulse broadening will generally limit
the maximum range attainable by the system in sub-centimetric resolution setups. In our case,
the maximum measurable length should be around 120 m to maintain the resolution value.
The input pulse is first dispersed by an LC-FBG, with a second-order dispersion of ∼2600
ps2 (equivalent to ∼120 km of a standard SMF). The dispersed pulse is then amplified by an
Erbium-Doped Fiber Amplifier (EDFA) up to the peak power limit imposed by the non-linear
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effects [106]. The Amplified Spontaneous Emission (ASE) added by the EDFA is subsequently
minimized using a tunable optical filter. An optical circulator serves to launch the signal into
the FUT and collect the backscattered response. This backscattered signal is also amplified and
filtered to reduce the ASE.
Next, the dispersion is compensated on the backscattered signal using a second LC-FBG
with opposite dispersion to the first one. Finally, the resulting traces are detected by a 35 GHz
photodetector and recorded by an 80 GSps sampling oscilloscope (Tektronix CSA8200).
To test the proposed configuration, several regions of the employed FUT are used as sensed
points, namely the interfaces at the port 2 of the circulator, an APC/APC connector, and a
1.5 cm long fiber section in which a controlled strain is applied; see Figure 4.6. The reflection
produced by the last APC/APC connector is attenuated via a 15 dB/cm highly attenuating fiber
spliced at the end of the FUT, in order to avoid saturation of the photodetector. Additionally,
strain variations through a ∼1.5 cm fiber section glued to a micrometric translation stage are
also well detected.
4.3.1.2 Results
Now, we present the experimental results obtained from the proposed scheme and compare them
with the results obtained from a traditional φOTDR system (without the LC-FBGs). Figure
4.7 shows the temporal intensity profile of the pulse emitted by the laser (a) and the broadened
pulse (b).


































Figure 4.7: Instantaneous power measurements of (a) a pulse emitted by the laser and (b) a
pulse stretched by the LC-FBG. Notice the difference in the time scales in (a) and (b) [142].
The theoretical curve (in continuous line) for the pulse emitted by the laser is obtained
from the measured signal spectrum (which will be shown below in Figure 4.9(a), black curve),
assuming a transform-limited input. Note that the bandwidth of the employed photodetector
is only 35 GHz, well below the nominal pulse bandwidth of 55 GHz. For this reason, the laser
pulse measured by the detector (see Figure 4.7(a)) presents a temporal width wider than the
nominal value and several ripples in the trailing edge. The maximum estimated resolution of the
sensor will then be limited by the detector response which, in this case, is ∼30 ps, corresponding
to a resolution of ∼3 mm [3]. The measured FWHM of the stretched pulse is ∼1 ns, which is
roughly 100 times larger than the input pulse. The theoretical dispersed pulse in Figure 4.7(b) is
obtained by simulating the propagation of the laser pulse through a dispersive medium with the
characteristics of the LC-FBG used in the experiment. The experimental measurements present
good agreement with the theoretical model.
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SNR Increase
The SNR increase obtained with this method is demonstrated here. For this purpose, we show
the detected backscattered traces, resulting from the 8 m SMF used as a FUT, when launching a
7 ps FWHM pulse non-dispersed (Figure 4.8(a)) and dispersed by the LC-FBG (Figure 4.8(b)).
The optical peak power in both cases was boosted up to the limit of MI, i.e., around 40 W for
this fiber length. In the second case, the trace is compressed by the second LC-FBG. Figure 4.8
shows the two detected traces after averaging 4000 times. Figure 4.8(b) shows the trace using
the non-dispersed pulse (conventional φOTDR), while Figure 4.8(b) shows the trace obtained
by employing the stretched and amplified pulse (FWHM of ∼1 ns) and compensating for the
previously induced dispersion. It was essential to average the traces 4000 times to reach a
minimum level of SNR in the trace obtained without CPA (4.8). Actually, the SNR of the
trace obtained using CPA is ∼4 dB when no averaging is applied. The temporal length of the
stretched pulse is almost 100 times higher than that of the non-stretched pulse, and both have
the same peak power. Hence, the energy of the former is almost 100 times higher. This leads
to an expected increase of the SNR of the sensor by ∼20 dB, which can be verified from the
measured traces presented in Figure 4.8. It will be shown below that the spatial resolution is
the same in both cases.
































Figure 4.8: Detected backscattering traces with (a) a pulse without chirp (FWHM of 7 ps) with
an input peak power of 40 W and (b) a time- stretched pulse (FWHM of 1 ns) with an input
peak power of 40 W and then temporally re-compressed. Both traces are normalized to the noise
floor level. The SNR is calculated with respect to the average trace level [142].
Mitigation of Non-Linear Effects
An additional advantage of the proposed configuration is the fact that the system is more
robust than the traditional scheme against other non-linearities. To validate this claim, the
optical spectrum of the dispersed and non-dispersed pulses after propagation through the FUT
are recorded and analyzed (maintaining the peak power at 40 W). These spectra are plotted
in Figure 4.9(a). It can be observed that, after 8 m of fiber propagation, the spectrum of
the non-dispersed pulse starts to broaden due to Self-Phase Modulation (SPM), increasing the
bandwidth from 55 to 65 GHz. On the other hand, the dispersed pulse maintains the original
bandwidth, as shown in Figure 4.9(b). This is owed to the fact that the SPM-induced broadening
is larger for shorter Gaussian pulses. Time-stretched pulses are therefore more robust against
this effect. The experimental results have also been confirmed theoretically. For this purpose,
a Gaussian-like function was fitted to the spectrum of both input signals. Then, the non-linear
4.3. SNR Enhancement in φOTDR Using CPA 81
effects induced in the signals were simulated by solving the Non-Linear Schrödinger Equation
(NLSE) 2.30 using a split-step Fourier method with an adaptive step size [146]. Figure 4.9 shows
the numerically obtained pulse spectra in a continuous line, which are in good agreement with
the experimental results (in dashed line).








































Figure 4.9: Signal spectra before and after propagation through 8 m of SMF (input peak power
of 40 W). (a) Pulse without chirp (FWHM of 7 ps) and (b) a pulse stretched and amplified
(FWHM of 1 ns) [142].
Millimeter Resolution Demonstration
The operation of the system is proved by detecting the reflection peaks generated from the
sensed points in the FUT. In particular, two initial reflections separated by ∼2 cm are generated
by the interfaces inside the circulator placed at the fiber input (port 2 of the circulator) and a
final one produced by a fiber connector (APC/APC) before the highly attenuating fiber. Figure
4.10 represents the detailed measurements of these reflections.





























































Figure 4.10: Connectors observed in the trace from (a) a non-dispersed pulse (FWHM of 7
ps); (b) a pulse stretched, amplified (FWHM of 1 ns), and then re-compressed; and (c) a pulse
stretched and amplified (FWHM of 1 ns), not re-compressed. In all cases, the input peak power
is 40 W [142].
Figure 4.10(a) shows the reflections detected when using the pulse without chirp (FWHM of
7 ps) and peak power of 40 W. The two reflections produced by the circulator are represented in
black; the reflection produced by the APC/APC connector is represented in red and superim-
posed to the first reflection. (The intensity levels have been adjusted for comparison purposes.)
82 Addressing the Limits of φOTDR
As it can be observed, the connector reflection fits perfectly with the first reflection of the cir-
culator, i.e., there is no measurable temporal broadening. As such, the resolution is maintained
along the fiber. The temporal width of the peaks, in both cases, is 30 ps, which corresponds to
the initial pulse width (nominal resolution of 3 mm); thus, the two interfaces of the circulator
can be resolved. The same results are obtained when the CPA scheme is used, as observed
from Figure 4.10(b). The two input interfaces are clearly resolved, even though the duration
of the stretched pulse covers both of them (recall that the FWHM of the stretched pulse is ∼1
ns, corresponding to a spatial resolution of ∼20 cm). If the dispersion was not compensated,
the two reflections generated by the circulator would not be distinguishable; this situation is
presented in Figure 4.10(c) (black). As expected, the resolution in this case corresponds to the
temporal length of the stretched pulse (superimposed in red).
High resolution strain detection
Finally, strain perturbations are detected using the proposed configuration. These were applied
in a ∼1.5 cm fiber section (disturbed region in Figure 4.6).






































































































Figure 4.11: Strain event detection. (a) Detected traces after re-compression with different
strains. (b) Detected traces not re-compressed with different strains. (c) and (d) show the
accumulated square trace differences of (a) and (b), respectively. Notice the difference in the
position scales in (a)-(c) and (b)–(d) [142].
For this purpose, the disturbed fiber section was glued to a micrometric translation stage,
controlling the applied strain (in steps of 700 µε). Perturbations below 1.5 cm could not be
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applied due to the limitations on the available equipment. For this reason, in spite of the fact
that the nominal resolution is 3 mm, sub-centimetric resolutions could not be demonstrated.
The obtained results are plotted in Figure 4.11 (traces with different strain are plotted with
different colors).
Figures 4.11(a) and 4.11(b) present the affected region in the re-compressed and non-recompressed
traces, respectively. In the top of Figure 4.11(b), a detail of the affected and the non-affected
region is presented for clarification purposes. As it was expected, the affected region in Figure
4.11(b) is much longer than in Figure 4.11(a), since the dispersion was not compensated for in
the former case.
To further analyze these results, the accumulated square trace differences of Figures 4.11(a)
and 4.11(b) are represented in Figures 4.11(c) and 4.11(d), respectively. This way, we can easily
determine the length of the affected region in both cases, namely, 1.8 cm for the re-compressed
traces and 20 cm for the non-recompressed traces. Hence, we have proved the ability of the
proposed configuration to detect a perturbed fiber section much shorter than the stretched
pulse width.
4.4 Linear Measurement in φOTDR Using PROUD
Linear measurements of strain, temperature and vibrations with φOTDR technology can be
achieved using coherent detection [28–33]. Quantitative information of an induced refractive
index change in a fiber section can be obtained recovering the phase information in the backscat-
tered electric field, as it was explained in Chapter 3 (Section 3.4.2).
However, this technique presents some inconveniences and added complexity since it requires
mixing a LO with the optical signal before photodetection. As in any interferometric technique,
the amplitude of the interference between the LO and the backscattered field strongly depends
on their relative state of polarization, which can even reach zero for the case of orthogonal
polarizations. The required high coherence length represents another important limitation of
this technique. For 100 km fiber the required laser linewidth is ∆f ≈ 320 Hz, which represents
and important cost in the system.
By finding a self-refereed technique that allows the phase reconstruction of the backscattered
signal, these limitations would vanish. In this context, Phase Reconstruction using Optical
Ultrafast Differentiation (PROUD) has been demonstrated to be a viable technique for self-
refereed phase detection [117–119, 148]. However, previous works, mostly aimed at the context
of telecommunication signals, operated in very different regimes (in terms of pulse durations,
signal bandwidths and correspondingly used optical filters), being several orders of magnitude off
than those found in φOTDR. The type of signals are also radically different (usually digital step-
like signals, rather than random patterns as in φOTDR). PROUD is therefore a good candidate
for use in φOTDR, although its applicability is far from being trivial.
In this section, after describing the technique, the applicability of PROUD operating in the
regimes of φOTDR is firstly demonstrated. This is done by using PROUD to characterize the
propagation-induced distortions of optical pulses compatible to those used in φOTDR. Then,
the use of the technique for recovering the amplitude and phase of the scattered signal in a
φOTDR is proposed and its implications (both theoretical and practical advantages/drawbacks)
are discussed.
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4.4.1 Phase Reconstruction Using Optical Ultrafast Differentiation (PROUD)
PROUD techniques can be used for full characterization of optical signals, including continuous-
time data streams, over a very wide range of pulse time durations. They can provide mea-
surements in a single-shot and in a real-time with power sensitivities down to the microwatt
level [148–150]. Real-time operation is in part enabled by the fact that the PROUD methods
rely on a simple, non-iterative phase recovery numerical algorithm (simple analytic equation).
The PROUD methods can be implemented using off-the-shelf fiber-optics and RF components
and the resulting setups are thus very simple and fully compatible with fiber systems [119].
4.4.1.1 Single Time-Domain PROUD
In its most basic implementation, time-domain PROUD [118, 148], the temporal phase profile
of an optical signal can be recovered from two time-domain intensity measurements, namely
the time-domain intensity profiles of the signal under test and of the signal after propagation
through a frequency-shifted temporal photonic differentiator.
Figure 4.12 illustrates the principle of operation of time-domain PROUD. The signal under
test is supposed to be spectrally centered at the optical radial frequency ω0, having a time-
domain complex envelope defined by x(t) = |x(t)| · exp[−iφ(t)], where |x(t)|2 and φ(t) are the
signal’s time-domain intensity and phase profiles, respectively. The field frequency spectrum
of the signal envelope can be calculated as the Fourier Transform (FT) of x(t); in particular
X(ω) = FT{x(t)} = |X(ω)| ·exp[iΦ(ω)], where |X(ω)|2 and Φ(ω) are the spectral energy density
and spectral phase profile of the signal, respectively. In this notation, ω is the base-band radial
frequency, i.e. ω = ωopt − ω0 with ωopt being the optical radial frequency variable.
Figure 4.12: Schematic of the concept for time-domain phase reconstruction based on optical
ultrafast differentiation (PROUD) [119].
The previously mentioned photonic temporal differentiator is a linear time-invariant optical
filter characterized by a spectral transfer function having a linear-amplitude variation [151,152],
D(ω) = S(ω + ∆ω), where S is the (positive or negative) slope of the linear spectral amplitude
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variation and ∆ω is the (positive) frequency shift between the signal’s central frequency and
the resonance frequency of the differentiator (frequency at which its spectral transfer function
reaches zero) [119]. It is important to note that the filtering transfer function defined above,
with ∆ω being a positive number, corresponds to the case when the signal’s carrier frequency is
higher than the filter’s resonance frequency.
The instantaneous-frequency profile of the input signal can be recovered from the measured
temporal intensity profiles of the input signal, |x(t)|2, and of the signal at the differentiator




















It is worth to note that ∆ω must be sufficiently large so that ∆ω > |ωinst(t)| along the entire
time duration of the signal under test, allowing to unambiguously recover the instantaneous-
frequency profile of the input signal. The above given condition simply implies that the lowest
optical frequency of the input signal spectral support must be higher than the differentiator’s
resonance frequency.
The pulse temporal phase profile can be obtained by cumulative numerical integration of the
recovered instantaneous frequency, except for an undetermined phase constant φ0, i.e. φ(t) =
−
∫ t
−∞ ωinst(τ)dτ + φ0. Thus, using time-domain PROUD, the capabilities of any available
temporal intensity measurement setup, e.g. a conventional photo-detector attached to a sampling
or real-time scope, can be easily upgraded to characterize the signal temporal phase profile.
4.4.1.2 Balanced Time-Domain PROUD
The numerical phase recovery algorithm in time-domain PROUD involves the calculation of the
time derivative of the time-resolved input intensity, see Equation 4.12. This numerical proce-
dure is very sensitive to the presence of noise in the measured waveform, thus requiring a large
averaging in the intensity detection process. An advanced extension of PROUD, referred to as
Balanced PROUD [148], has been proposed and demonstrated to overcome this main difficulty
of the original technique. In this scheme, there is no need for calculation of the numerical deriva-
tive of the measured signal’s time-resolved intensity waveform to obtain the target instantaneous
frequency profile. This fact combined with the noise suppression characteristics intrinsic to a
balanced measurement method allows us to avoid the previously required time-averaged acquisi-
tion of the intensity waveforms. By incorporating a balanced/differential photonic differentiation
and photo-detection scheme, single-shot and real-time characterization of the instantaneous fre-
quency and phase profiles of low-power (microwatt) continuous-time optical data streams with
frequency bandwidths >10 GHz has been successfully demonstrated [148]. Whereas several
self-referenced techniques have been specifically developed for instantaneous frequency charac-
terization of telecommunication GHz-bandwidth optical signals, including methods based upon
the use of photonic frequency-discriminator filters [153–157], they rarely offer single-shot and
real-time capabilities, as desired for practical monitoring applications.
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Figure 4.13: Schematic illustration of the concept of Balanced PROUD for single-shot and real-
time optical signal characterization (time-domain implementation shown in the figure) [119].
A schematic of the balanced time-domain PROUD concept is shown in Figure 4.13. The
signal under analysis, with temporal complex envelope x(t), is launched at the input of a balanced
frequency-shifted photonic temporal differentiator. This balanced differentiator consists of two
frequency discriminators with their respective linear-amplitude spectral transfer functions having
(i) an identical slope magnitude and (ii) an identical frequency shift but with opposite sign
(with respect to the signal’s carrier frequency). Mathematically, the base-band spectral transfer
functions of the two filters in the balanced differentiator can be expressed as D+(ω) = S(ω+∆ω)
and D−(ω) = −S(ω −∆ω), respectively, where we recall that ∆ω is a positive number. In the
notation used here, the spectral amplitude slopes of the two filters have been written down with
an opposite sign. The filter with D+(ω) will be referred to as a “positive-slope” differentiator
whereas the filter with D−(ω) will be referred to as a “negative-slope” differentiator. y+(t) and
y−(t) are the two output signals of both filters D+(ω) and D−(ω), respectively.
Differential (balanced) time-resolved intensity detection is used after the balanced optical
differentiator. This allows us to eliminate the common terms of the two intensity waveforms
|y+(t)|2 and |y−(t)|2. The measured intensity signal at the output of the differential intensity
detection stage is thus given by [148]:
|y(t)|2 = |y+(t)|2 − |y−(t)|2 = 4S2∆ω|x(t)|2ωinst(t) (4.13)
The input signal intensity, |x(t)|2, can be directly measured using a standard time-resolved
intensity measurement. In this way, the target instantaneous frequency profile, ωinst(t), can be
directly obtained from the measured temporal intensity at the differential detector output; the
corresponding phase response φ(t) can be recovered from the measured instantaneous frequency
using numerical integration. Single-shot, real-time detection of the instantaneous frequency
and temporal phase profiles can be obtained using a high-speed digitizer (or real-time scope).
Balanced photonic differentiation can be practically realized in a very simple fashion by use of
a standard two-arm (2×2) interferometer, e.g. a fiber-optics or integrated-waveguide MZI [148].
In our experiment, a DWDM is used for this purpose. DWDM shows two complementary linear
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spectral responses at the wavelength of interest in the pass and reflect channel, as it will be
shown in Subsection 4.4.2.
4.4.2 Applicability of PROUD operating in the regimes of φOTDR
In this Subsection, we develop and validate a simple and practical time-domain Balanced
PROUD setup. PROUD is well adapted to the single-shot detection of low power signals,
as is the case of φOTDR [118,119,148]. The effectiveness of this in-line method is demonstrated
by evaluating the impact of SPM and GVD in a 4–20 Gbps NRZ optical link. Characterizing
the propagation-Induced Distortions in NRZ Data Signals is also interesting for φOTDR sen-
sors since they are similar to the ones employed when coding techniques are implemented (see
Subsection 3.5.2.2 in Chapter 3) [92]. Using different NRZ data signal scenarios is equivalent to
the use of coding with different bit size/code length. Furthermore, characterizing GHz signals
would be very useful since in the next chapter the use of chirped optical pulses is proposed. The
temporal duration and spectral content of these optical pulses are around 100 ns and a few GHz,
respectively.
The compensation of Group Velocity Dispersion (GVD) and Self-Phase Modulation (SPM)
can be realized by physically propagating optical pulses through optical media with opposite
GVD/non-linear parameters [158], by electronically designing the pulses to meet a certain de-
sired shape [159, 160], thus achieving distortion-free pulses at the output of the link, or even
digital post-detection compensation [161]. In any case, an accurate characterization of the com-
plex field of the optical pulses after the propagation is required to have an accurate model
of the response of the link and compensate distortions accordingly. Conventional square-law
fast photodetectors can be used to accurately characterize the instantaneous power distribution
of a given optical signal, but provide no information regarding its phase profile. A number
of techniques that can be used to characterize arbitrary phase variations can be found in the
literature [162], but these typically require a coherent detection system(i.e., a local oscillator
and a synchronization mechanism), which represents a complex technological solution that may
not always be available. Well-known techniques [163] overcome this limitation by using a self-
referenced setup (i.e., one that does not require a local oscillator), but these typically rely on
using non-linearities, which can be a drawback when characterizing low-power signals, as in the
case of φOTDR signals. In this context, phase reconstruction using optical ultrafast differentia-
tion (PROUD) is a set of direct self-referenced techniques well adapted for the characterization
of low-power telecommunications signals [118, 119, 148]. Nonetheless, to the best of our knowl-
edge, no results have been reported in the literature to validate the use of PROUD for signal
characterization in fiber-optic propagation experiments.
Experiments were modeled using conventional propagation equations, showing good agree-
ment with the measured data. The chromatic dispersion and non-linear coefficients of the fiber
were easily and precisely quantified. For typical C-band telecommunications signals (around
the 1.55 µm wavelength) with “well-behaved” pulse shapes and bit modulation rates well below
200 GHz (i.e., pulse widths >5ps), the pulse propagation can be described accurately by solv-
ing the Non-Linear Schrödinger’s Equation (NLSE) for the scalar electric field envelope A(z, t)









+ α2A = iγ|A|
2A (4.14)
where γ is the nonlinear fiber coefficient, β2 is the GVD coefficient, β3 is the third-order disper-
sion coefficient, and α is the attenuation coefficient. In this model, high-order dispersion and
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non-linear effects, as well as scattering processes, are neglected [40]. For standard SMF, the
zero of dispersion wavelength is ∼1.3 µm, and the effects of β3 are usually negligible at 1.55
µm. In this case, GVD and SPM are the most important phenomena to be accounted for [40].
For a transform-limited Gaussian pulse, second-order dispersion introduces a linear frequency
chirp (i.e., a parabolic phase shift) on the pulse, with an associated pulse broadening, which can
limit the data rate. Due to GVD, in the anomalous dispersion regime (β2 < 0), the blue-shifted
(red-shifted) frequency components are moved toward the leading (trailing) edge of the pulse.
SPM is a result of the Kerr non-linearity of the fiber [40]. For long pulses, neglecting the effect
of GVD, pure SPM leads to a non-linear phase shift φNL(t) proportional to the instantaneous
power of the pulse |A(t)|2 after propagation over a fiber of length L:
φNL(z = L, t) = γLeff|A(t)|2 (4.15)
where Leff = (1 − e−αL)/α is the effective fiber length which was introduced in Chapter 2.
The variations of φNL(t) are translated into variations of the instantaneous frequency ωinst,
which leads to spectral broadening, with red (blue) frequency shifts occurring in the leading
(trailing) edge of the pulse, for a Gaussian-like pulse. The combined effect of GVD and SPM
will introduce undesired distortion in both the spectrum and the temporal shape of the pulse.
Thus, SPM limits the peak power of the pulses. The impact of GVD is higher for shorter pulses
(broad spectral content) while the impact of SPM is higher for sharper pulse power variations.
In any case, an accurate measurement of the instantaneous phase and frequency along the pulse
profile would be important to allow for an accurate characterization and compensation of the
propagation-induced distortions. For this purpose, this Subsection demonstrates a simple in-line
technique based on Balanced PROUD [148] (see Subsection 4.4.1.2).
4.4.2.1 Experimental Setup
The experimental setup is shown in Figure 4.14. A Laser Diode (LD) operating at 1547.66 nm
followed by a 20 GHz external optical modulator and an amplification and filtering scheme (using
an Erbium-Doped Fiber Amplifier (EDFA) followed by a narrowband tunable 10 GHz optical
filter) are used to generate optical pulses with different duration and variable peak power P0.
After propagation over a standard SMF spool, the complex field of the pulses x(t) is characterized
using a time-domain Balanced PROUD detection scheme. A Polarization Scrambler (PS) is used
to avoid polarization dependence issues in the PROUD filter. In the detection stage, the output
of the fiber is split using a calibrated 50/50 coupler: one output is used as the PROUD reference
signal |x(t)|2, while the other output is injected into a commercial 100 GHz DWDM centered
at 1547.32 nm (manufactured by Opneti). This DWDM filter shows two complementary linear
spectral responses at the wavelength of interest in the pass and reflect channel (see Figure 4.15).
In particular, the pass (reflect) channel is used as positive D+ (negative D−) slope linear optical
frequency filter with D±(ω) = S(ω±∆ω), where ∆ω ≈ 2π·6 GHz (corresponding to a wavelength
range of ∼0.05 nm); and S = 0.5/∆ω. The two outputs of the DWDM are then used as the
PROUD photonic differentiated signals |y±(t)|2.
Other solutions have been tested to be used as D+/D− filters in PROUD. Using an un-
balanced Mach–Zender interferometer allows flexibility in the filter parameters, but requires
a non-standard component, usually with temperature stabilization [148], which increases the
complexity of the system. In our case, the use of a commercial DWDM provides a stable and
off-the-shelf, low-cost filter solution. For a given DWDM, the filter parameters are fixed, but with
a proper choice of DWDM, some flexibility in the choice of ω0 can be achieved. In our case, the
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Figure 4.14: Experimental setup: data signal characterization by time-domain Balanced PROUD
detection scheme [117]. EDFA, Erbium Doped Fiber Amplifier; DWDM, Dense Wavelength
Division Multiplexer; I&T, Intensity & Temperature.
Figure 4.15: Spectral response of the DWDM used as D+/D− filter for the PROUD [117].
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operation wavelength is near the ITU 100 GHz grid channel 37 (193.70 THz ≈ 1547.72 nm). The
D+ (D−) signal is detected in the negative (positive) terminal of a 20 GHz p-i-n balanced pho-
todetector. As a result, the output of the balanced photodetector (|y(t)|2 = |y+(t)|2 − |y−(t)|2)
is proportional to ωinst (Equation 4.13). The reference signal |x(t)|2 is also measured using a
calibrated 20 GHz p-i-n photodetector, and a synchronization is ensured between the |x(t)|2 and
|y(t)|2 signals. Lastly, the value of ωinst is recovered by performing the normalization of the
balanced signal with the reference signal (Equation 4.13).
To provide a high number of sampling points and facilitate the comparison between experi-
ments and simulations, the signals are recorded with an 86116C sampling scope from Keysight
with 80 GHz of electrical bandwidth and an equivalent sampling of ∼200 GS/s. In any case,
real-time acquisition could also be achieved with a real-time oscilloscope, provided that the
bandwidth/sampling was adjusted to the intended pulse features to be measured.
4.4.2.2 Results
Using the experimental setup presented in Figure 4.14, the optical power P (t), instantaneous
frequency profile ν(t) = ωinst/2π, and instantaneous phase shift temporal profile φ(t) of the
data signal are directly characterized. φ(t) is recovered using φ(t) = −2π
∫
ν(t)dt. Different
distortion profiles are expected for different width/shape optical pulses. To show the flexibility
of the technique, a variety of signals corresponding to several data sequences were characterized.
In our case, only the instantaneous phase shift normalized to the input temporal phase profile
(i.e., φ(t) = φz=L(t) − φz=0(t)), is presented. Therefore, the presence of the frequency chirp in
the input pulse is neglected, which, in any case, was observed to be small in comparison with
the chirp acquired after the propagation.
The experimental results were compared with the theoretical expectations, obtained by nu-
merically solving Equation 4.14 using a split-step Fourier method with an adaptive step size.
The used input scalar electric field envelopes A(z = 0, t) are transform-limited, super-Gaussian
pulses:
A(z = 0, t) =
√
P0 · exp[−0.5(t/T0)2m] (4.16)
where m is the order of the super-Gaussian, P0 is the peak power, and T0 determines the width
of the pulse. The fiber parameters are those of a standard SMF-28 at a reference wavelength of
1550 nm: γ = 1.4 W−1km−1, β2 = 15 ps2km−1, β3 = 0.1 ps3km−1, and α = 0.2 dB·km−1.
First, the φ(t) of a 90 ps optical pulse after propagation over 10 km of fiber was characterized
for varying input P0 (6–14 dBm). A complete set of results is shown in Figure 4.16. Because
of the non-linear response of the modulator, the optical pulse resembled a Gaussian shape. The
normalized input pulse’s instantaneous power profile is shown in Figure 4.17(c). For a Gaussian
pulse under anomalous dispersion, GVD and SPM will introduce almost linear frequency chirps
with opposite signs around the pulse center. Therefore, the results can be interpreted as follows:
for P0 = 10 dBm, the effects of GVD and SPM are comparable and almost cancel each other.
Hence, an almost flat φ(t) is obtained. As P0 is decreased (increased) from 10 dBm, the effects
of GVD (SPM) have a higher impact, thus, resulting in positive (negative) and close to parabolic
(Gaussian) φ(t), as expected [40].
Figures 4.17(a)–4.17(c) and 4.17(d)–4.17(f) show the φ(t), ν(t), and P (t) of a 90 ps optical
pulse (the same input pulse of Figure 4.16) and a 470 optical pulse, respectively, for different
peak power values P0 (6–14 dBm), after propagation over 50 km of SMF-28. Note that the
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Figure 4.16: Experimental characterization of φ(t) of a Gaussian-like pulse with ∼90 ps FWHM
after propagation over 10 km of fiber, for varying input P0 (6-14 dBm) [117].
leading (trailing) edge of the pulses corresponds to the negative (positive) times of Figures 4.16-
4.18. With higher P0, the impact of SPM is increased: a φ(t) approximately proportional to
P (t) is obtained (Figures 4.17(a) and 4.17(d)), with red (blue) frequency shifts occurring in the
leading (trailing) edge of the pulse (Figures 4.17(b) and 4.17(e)). In the low power regime, an
increase of the effect of GVD is observed clearly, with blue (red) frequency shifts occurring in
the leading (trailing) edge of the pulse, where the spectral content of the pulse is broader and
a gradual shift of φ(t) toward negative phases in the center of the pulse (Figures 4.17(a) and
4.17(d)). The impact of GVD (SPM) is observed to be higher for the shorter (longer) pulse, as
expected, because of its broader (narrower) spectral content.
The measured instantaneous power profile, normalized to P0, is given in Figures 4.17(c) and
4.17(f). The fiber losses are numerically compensated to facilitate pulse shape comparisons. The
pulse keeps its original shape, although noticeable distortions are observed, especially near the
edges of the pulse in Figure 4.17(f). The distortions are higher for higher P0, as expected [40].
The evolution of the pulses shown in Figure 4.17 were simulated using super-Gaussian pulses as
input (see Equation 4.16) with m = 1 (a), (b) and T0 = 35 ps (FWHM ≈ 80 ps); m = 3 (d), (e)
and T0 = 165 ps (FWHM ≈ 440 ps), showing good agreement with the experimental results.
Figures 4.18(a)–4.18(c) show the evolution of the φ(t), ν(t), and P (t) of an almost flat-top
input pulse with ∼220 ps (FWHM) after propagation over 10, 25, and 50 km of fiber (Leff ≈ 8,
14.8 and 19.5 km), with a relatively high P0 = 14 dBm. Here, the mechanisms of the propagation
distortions can be understood clearly.
For the shorter fiber distances (10 and 25 km), the optical power of the pulse is high and the
impact of SPM is dominant. In this case, the shape of φ(t) (Figure 4.18(a)) should resemble P (t),
with an amplitude that increases proportionally to Leff (see Equation 4.15). The corresponding
ν(t) is also as expected (Figure 4.18(b)): red (blue) ν(t) shifts occurring in the leading (trailing)
edge of the pulse and a maximum ν(t) shift that increases with Leff. In Figure 4.18(c), the input
P (t), normalized to P0, is given. The fiber losses are numerically compensated in the plots to
facilitate pulse shape comparisons. Note that the P (t) of the pulse (Figure 4.18(c)) experienced
a small, but noticeable, deformation with the length increase, thus indicating that the effect
of GVD is not negligible. Between the distances of 25 and 50 km, the optical power decreases
because of the fiber losses, and the impact of SPM is reduced: a much smaller increase of the
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Figure 4.17: Measured (dotted lines) φ(t), finst(t), and P (t) for a ∼90 ps FWHM pulse (a)–(c),
and a ∼470 ps FWHM pulse (d)–(f) after 50 km of fiber, for various values of the input P0.
Theoretical simulations (solid lines) are plotted for comparison [117].
maximum ν(t) shift of the pulse is observed between 25 and 50 km than between 0 and 25 km
(Figure 4.18(b)). On the other hand, the frequencies previously generated by SPM were moved
closer to the pulse center, as it would be expected in the case where GVD is dominant. As for
the form of φ(t), after 50 km, the acquired phase shift is smoothed to the point of resembling
that of a Gaussian pulse (Figure 4.17(a)). Lastly, Figures 4.18(d)–4.18(f) present the φ(t), ν(t),
and P (t) of this pulse after propagation over L = 50 km of fiber for various values of the input
P0, presenting consistent results with those found in Figure 4.17.
For comparison purposes, the presented experimental conditions are simulated using a super-
Gaussian pulse (see Equation 4.16) with m = 2 and T0 = 82 ps (FWHM ≈ 210 ps) as input
pulse, as depicted in Figure 4.18(c). A smoothing of the measured ν(t) (Figure 4.18(b)) seems to
occur, which could be because of the limited bandwidth of the photodetector. It should be noted
that, for the 10, 25, and 50 km measurements, different fiber spools were used, and, therefore,
small variations in the fiber parameters are possible. In any case, a good agreement between
the theoretical simulations and experimental results is observed for all the measurements.
Note that employed optical pulses in φOTDR or telecommunications applications typically
present low peak powers to avoid the impact of non-linearities. Therefore, the pulse power range
used here (6-14 dBm) was significantly higher than that typically used in those cases, as it was
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Figure 4.18: Measured (dotted lines) φ(t), finst(t), and P (t) for a ∼220 ps FWHM pulse with
P0 = 14 dBm after propagation over 10, 25, and 50 km (a)–(c), and after propagation over
50 km with P0 = (6 − 14) dBm (d)–(f). Theoretical simulations (solid lines) are plotted for
comparison [117].
chosen to study the limiting situation where the impact of SPM and GVD were both relevant
and demonstrate the PROUD flexibility in characterizing the propagation-induced distortions
in such a scenario.
4.4.3 Possibility of implementing PROUD in φOTDR sensors (Discussion)
As it was studied in Chapter 3 (Subsection 3.4.2), the phase information in the φOTDR signal
will give quantitative information of an induced refractive index change, allowing for the linear
measurement of strain, temperature and vibrations. Coherent detection is an extensively used
technique for this purpose. However, it presents some limitations that implies an increase in the
price and the complexity of the system.
In the previous subsection, the capability of PROUD for the measurement of phase profiles
of optical pulses has been demonstrated. The lowest bandwidth of the characterized pulses was
4 GHz, similar to the employed in φOTDR when coding techniques are implemented [92]. Thus,
the performed experiments helped us to understand better the advantages and disadvantages of
the PROUD technique, which allows to develop a correct analysis of its applicability in φOTDR
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technology [143].
Coherent detection requires to beat the LO with the signal to be measured (the φOTDR
backscattered trace), in which this case the phase-noise of the local oscillator will be added as
noise to the measurement [115]. Thus, the phase-noise is accumulated and increases with the
fiber length. For this reason, the required laser in the system must present low phase-noise (low
linewidth). In other words, the required laser coherence length for coherent detection schemes
is considerably high (twice the fiber size). As an example, the required linewidth for sensing
100 km of SMF is ∆f ≈ 320 Hz (see Equations 2.52 and 2.53). This linewidth requirement
increase considerably the final cost of the system. This limitation is eliminated when PROUD
is implemented, since this technique is self-referenced, i.e., a LO is not required. Whereas the
phase-noise is increased with the fiber length in conventional coherent detection setups, the noise
when PROUD is implemented remains uniform along the fiber.
The amplitude of the interference between the LO and the backscattered signal strongly
depends on their relative state of polarization and can even reach zero for the case of orthog-
onal polarizations. Since the light polarization in continuously rotating due to the intrinsic
birefringence of the fiber [40], coherent detection is therefore generally dependent on changes
of the State Of Polarization (SOP) along the optical paths of both signals (LO and backscat-
tered) [58]. This limitation can be solved using Polarization-Maintaining Fibers (PMFs) or using
dual-polarization coherent receivers [115], which also increases the complexity/cost and can de-
crease the system performance. Using PROUD techniques this problem would be eliminated.
The conventional signals employed in a traditional φOTDR present bandwidths around 100’s
of MHz and the laboratory does not have a filter that fits with these signal characteristics. Due
to this practical limitation, it was not possible to experimentally demonstrate the full potential
of PROUD in φOTDR. However, this practical limitation does not invalidate the applicability
of the technique, as these type of filters do exist and are readily commercially available on the
market. PROUD has been demonstrated using a integrated-waveguide Mach–Zehnder interfer-
ometer for characterizing GHz-rate signals [164]. The ideal solution could come from integrated
photonics. The fabrication of an optical filter with this characteristics is not more difficult than
fabricate the optical hybrid required in homodyne detection. On a more readily available solu-
tion, DWDM centered shifted by 1/2 channel from the laser could provide a very stable filter.
Recently a programmable photonic processor, inspired by electronic Field Programmable Gate
Arrays (FPGA), can implement functionalities with a simple seven hexagonal cell structure [165].
Theoretically, a filter as the required in PROUD could be implemented using this technology.
The algorithm for obtaining the instantaneous frequency implies to divide the differential
signal |y(t)|2 by the signal intensity |x(t)|2 (see Equation 4.13), which typically presents zeros. In
those points the obtained instantaneous frequency is indeterminate. This is the most important
limitation of PROUD technique. However, this also happens in homodyne detection, which
requires divide the extracted signals from the hybrid (I and Q) and implement an arc tangent
function.
4.5 Conclusions
In this chapter, three techniques for addressing the limits of range, resolution and linearity of
φOTDR-based sensors are proposed.
Firstly, the impact of the use of probe pulses with different beam shapes on the backscattered
power trace of φOTDR systems have been analyzed. The obtained results indicate that the
typically used rectangular-like pulses are the most detrimental for the length range and sensitivity
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of φOTDR-based sensors, while the use of Gaussian or triangular-like pulses contributes to
a smoother reduction of the trace’s visibility along the sensing fiber length. A Gaussian or
triangular envelope pulse limits the effect of MI and mitigates the advent of the FPU recurrence,
which enables an increase of the length range and sensitivity of the sensing system for the same
peak power and nominal spatial resolution. The experimental validation of our analysis suggests
that under comparable conditions (same peak power and same nominal spatial resolution), the
length range of the sensor can be duplicated by using a Gaussian-envelope pulse instead of a
rectangular one.
Secondly, we have proposed a novel technique to increase the SNR of high-resolution φOTDR
systems using concepts borrowed from CPA. The input pulses are temporally stretched by a
suitable dispersive device, and the backscattered traces are re-compressed in the optical domain
prior to detection. This allows us to substantially increase the probe pulse energy, while avoid-
ing non-linear interaction within the fiber under test, resulting in an increased SNR without
compromising the spatial resolution of the sensor. This configuration allows for high resolution
measurements without the need for coherent detection or signal post-processing (as required for
instance in OPCR). By compressing in the optical domain with a polarization-insensitive ele-
ment, we avoid the need for phase detection (which is typically polarization dependent). Thus,
our method should exhibit very low polarization dependence. The reported experiment demon-
strated an SNR increase of 20 dB over the traditional φOTDR architecture in a system with 3
mm spatial resolution. Using this new approach that achieves millimetrical resolutions, wall or
pipeline crack development monitoring will be possible. A new φOTDR technique based also
on the use of chirped pulses will be presented in the following chapter. The technique allows to
solve the the non-linear limitation of traditional φOTDR without the requirement of a frequency
scan or coherent detection. Distributed sensing of strain and temperature, with resolutions of
0.5mK/4nε and real acoustic sensing has been achieved with the proposed technique.
Finally, a methodology to obtain a linear response of a φOTDR is proposed. Traditional
coherent detection schemes requires mixing a LO with the optical signal before photodetection.
It implies a relative state of polarization dependence between the LO and the backscattered field.
The second main limitation is related with the phase-noise of the optical source, since the required
laser linewidth is very narrow. Solving these limitations will increase considerably the cost and
complexity of the system. Here we have proposed to use the self-refereed technique named
PROUD. Since no LO is required, all the mentioned limitations of traditional coherent detection
do not exist. The applicability of this technique to φOTDR is demonstrated by characterizing
propagation-induced distortions in pulses in bandwidth regimes similar to those typically used in
φOTDR. The bandwidth of the employed optical pulses was around 4 GHz, which fits with the
employed commonly when coding is implemented in φOTDR. The advantages and disadvantages









As it was explained in Chapter 3, traditional Phase-Sensitive Optical Time Domain Reflectom-
etry (φOTDR) without phase recovery, allows for distributed vibration measurements with a
high bandwidth. However, these measurements are based on intensity variations of the φOTDR
signal which does not show a linear variation with the applied perturbation. Solutions address-
ing this limitation have been proposed in the state of the art. On the one hand, by precisely
sweeping the frequency of the pulses step by step, φOTDR has been shown to allow for very
sensitive static measurements of refractive index variations, which can be used for very high
resolution temperature [36], strain [37] and birefringence [38, 39] measurements. For instance,
the demonstrated temperature resolutions of 0.01 ºC [36] are two orders of magnitude below the
typical resolutions of ∼1 ºC provided by Brillouin sensors. However, due to the requirements of
a frequency scan, in this case the measurement time and complexity of the system is increased.
On the other hand, by recovering the phase of the φOTDR signal, the dynamic measurement
of strain has been demonstrated [31–33]. In this case however, the system is more complex and
laser coherences of at least the fiber length are required in order to avoid noise when beating
the signal with the local oscillator. The long term-stability of such systems (i.e. after several
minutes or hours) and therefore feasibility for static temperature measurements over several
hours has also not been clearly addressed either.
In this chapter, we provide a method based on φOTDR using linearly chirped pulses to allow
for the measurement of distributed strain and temperature changes, in a single shot without the
requirement of a frequency scan. The technique was named Chirped-Pulse Phase-Sensitive Opti-
cal Time Domain Reflectomery (Chirped-Pulse φOTDR) [166]. The complexity of the system is
not significantly increased when compared to traditional φOTDR systems using intensity-based
detection. With the proposed method, it is possible to combine the best features of φOTDR
which had been previously demonstrated by separate: on the one hand, fast measurements with
a bandwidth only limited by the fiber length, potentially over several tens of kilometers with
metric spatial resolutions; on the other hand, the linear measurement of temperature/strain
variations with resolutions which can be several orders of magnitude below those provided by
Brillouin. Since the measurement is relative, the range of temperature/strain measurements is
in principle not limited, being in practice determined by how the cumulative errors of the mea-
surement are handled. The technique allows for measurements at kHz rates, while maintaining
reliability over several hours of measurement. The sensitivity can also be tuned by acting on
the chirp of the pulses. Temperature/strain resolutions of 0.5mK/4nε are demonstrated.
5.2 Chirped-Pulse φOTDR Principle
As it was presented in Chapter 3, a φOTDR is a distributed sensing technique which makes
use of the Rayleigh scattering effect and allows for the measurement of perturbations along an
optical fiber. In this method, highly coherent optical pulses are injected into an optical fiber.
The Rayleigh backscattered light is monitored in the time domain, which is then associated with
fiber position using the time of flight of the light pulses in the fiber. As coherent pulses are used,
the φOTDR signal will be the result of the coherent interference between the fields which are
Rayleigh backscattered from the multiple fiber scattering centers [145]. Ideally, the phase-noise
existent in the pulses should be kept to a minimum, as it will increase the noise of the φOTDR
signal. With this in mind, the phase of the optical pulses used in φOTDR systems has never
been really engineered, as it has always been a priority to keep this phase as flat and constant
as possible. The idea in this chapter is that a deterministic (but non-flat) phase profile in the
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pulses may be used to render the φOTDR implementation more linear and sensitive.
The φOTDR signal depends on the multiple (random) contributions given by the scattering
centers (see Subsection 3.3.1), but also on the intensity and phase profiles of the pulses. Typically,
the resulting detected intensity will present a random noise-like shaped pattern. This pattern will
remain constant and reproducible if the fiber and measuring conditions do not change over time.
Perturbations in the fiber can be detected by monitoring local changes in the φOTDR signal
with a bandwidth of detection which is only limited by the fiber length [34]. However, it is often
hard to precisely quantify the amplitude of the perturbations, as the intensity variations of the
φOTDR signal do not show a linear correlation with the amplitude of the applied perturbations
(see Section 3.4). Conventional φOTDR systems using a single pulse frequency are therefore
best suited to detect the frequency of a dynamic perturbation rather than its amplitude, and
are most commonly used for vibration/intrusion detection [21,23,24,26,27,34].
While the intensity variations of the φOTDR signal cannot be predicted for a given per-
turbation, the changes in optical path difference between the scattering centers induced by a
uniform refractive index change ∆n can be compensated by a shift of the pulse frequency ∆ν,
which allows the recovery of the original φOTDR pattern (see Subsection 3.4.3). Assuming
small refractive index changes (∆n  n), the ∆ν necessary to compensate a given ∆n was
shown in Equation 3.21. Based on this principle, φOTDR systems have been demonstrated to
allow for quantitative measurements of temperature/strain [36] and birefringence [38, 39] with
high measurand resolutions. However, as it was explained before, a frequency sweep of the pulse
is required, which greatly increases the measurement time, typically up to a few seconds or a
few minutes. The system turns out then to present similar trade-offs to traditional Brillouin
temperature sensors, having a temperature resolution and range which is dependent on the used
frequency scan step and range. High measurand resolutions over long ranges can therefore be
highly time consuming. The maximum achievable resolution is also limited by the pulse spectral
content [38], in a somewhat similar manner to the temperature resolution limitation imposed by
the spectral width of the Brillouin gain curve in Brillouin sensors.
5.2.1 Theoretical Model
The method proposed for temperature/strain variation measurements originates from the princi-
ple described in Equation 3.21 that a refractive index change ∆n in the fiber can be compensated
(in terms of the shape of the trace) by a frequency shift ∆ν of the pulse sent into the fiber. This
is the same principle as used in [36, 38, 39], and is typically implemented by performing a laser
frequency sweep. In our case, instead of requiring a time-consuming frequency sweep to deter-
mine ∆ν and calculate ∆n, a single pulse which has linear chirp is used. Since different positions
of the pulse have different frequencies, when a ∆n is applied, the same trace pattern at a given
position can be generated by a temporally-shifted region of the pulse, leading essentially to a
longitudinal shift ∆z of the local φOTDR trace. It is then possible to calculate ∆ν (and con-
secuently ∆n and the temperature/strain shift) from ∆z, which is obtained directly from the
time-domain trace measurements. Thus, in our method, a single trace measurement should be
sufficient to determine temperature/strain changes. The theoretical description of the proposed
method is presented in detail in this section.
Although it is a general concern in conventional φOTDR systems to have flat-phase profiles,
it should be clear that the optical pulses used in a φOTDR can in principle have any arbitrary
phase profile, and therefore any arbitrary spectral content. What is important to avoid addi-
tional noise in the trace is that the phase profile does not change from pulse to pulse (i.e. that
the master laser has a low phase-noise). Therefore, except for the fact that the detection band-
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width should be higher in the case of chirped pulses, no extra noise source should be expected
in our implementation over the traditional one, and therefore similar spatial resolutions and
sensing ranges should be achievable in both methods. An evaluation of the propagation-induced
distortions may be required when operating with pulses with large spectral contents and long
fiber distances, mainly due to dispersion. However, using a few tens of kilometers and pulses
with spectral contents of up to ∼1 GHz, this effect is negligible for φOTDR operation, as it is
demonstrated in Chapter 7.
To describe the proposed φOTDR sensor, we start by describing a pulse P (t, z), with a
rectangular intensity profile of amplitude E0, width τp and an instantaneous frequency profile
ν(t) = ν0 + δν/2− δν · (t/τp). P (t, z) is therefore a linearly chirped pulse with a spectral content
δν, around a central frequency ν0, and frequency slope δν/τp. The propagation of P (t, z) along
an optical fiber is described by:












Note that the phase of the pulse is calculated using φ = −
∫
2πνdt. In Equation 5.1, t is
the time and z the position along the fiber, z = 0 being the fiber entrance where the pulses
are lauched and t = 0 the moment when the front part of the pulse enters the fiber in z = 0.
rect(x) = 1 when 0 ≤ x ≤ 1 and zero elsewhere, c is the speed of light in the vacuum and n(z) is
the local refractive index of the fiber at the pulse central frequency ν0. The spectral content δν
is assumed to be small in comparison to the center frequency and ν0 to be away from resonant
frequencies of the fiber, so that the dependency of n in the optical frequency (i.e., dispersion) is
negligible. In any case, this dependency can be introduced if a more precise theoretical model
is required.
As the pulse P (t, z) propagates along the fiber, at each instant t each infinitesimal part of P
will generate a counter-propagating wave via Rayleigh backscattering. The backscattered signal
is therefore continuously generated, and different parts of backscattered signals generated at
different instants will overlap to produce the φOTDR signal E(t), received at z = 0, at a given
time t.
The reflection of P (t, z) in each location of the fiber z is described by the fiber’s Rayleigh
backscattering profile function r(z). E(t) will be given by the convolution of P (t, z) and r(z),















Note that while the signal E(t) is generated from the interference of reflections occurring in
a fiber section with 1/2 of the pulse width, it accounts for the passage of the entire pulse P (t, z).
This characteristic is the basis for the well known fact that the spatial resolution for OTDR
systems is determined by 1/2 of the pulse width.
Figure 5.1 depicts the reflections of the pulse P (t, z) as it propagates along the fiber which will
generate E(t). The contribution to E(t) will be given by a convolution of P with the fiber sections
zε[z1, z2], [z2, z3], which reflect the instantaneous frequencies νε[ν4, ν3],[ν3, ν1], respectively, as
shown in Figure 5.1(a). The contribution to E(t+ ∆t) will be given by a convolution of P with
the fiber sections zε[z2, z3],[z3, z4] which reflect the instantaneous frequencies νε[ν4, ν2],[ν2, ν1],
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respectively, as shown in Figure 5.1(b). For a small enough ∆t, so that [z1, z2],[z3, z4] [z2, z3],
then the contributions to E(t) and E(t + ∆t) generated from reflections in [z1, z2],[z3, z4] are
essentially negligible. In this case, E(t) and E(t + ∆t) can be thought of as generated from
reflections of the same fiber section [z2, z3], by pulses with frequencies νε[ν3, ν1] and νε[ν4, ν2] =
[ν3, ν1] + ∆ν, respectively, i.e., two pulses with a frequency shift ∆ν between them.
(a) E(t) (b) E(t+ ∆t)
Figure 5.1: Reflection of the chirped pulse P (t, z) as it propagates along the fiber.
In this case, if n remains constant along [z2, z3], then E(t) 6= E(t + ∆t). However, if a
homogeneous ∆n occurs, so that the equality of Equation (3.21) is verified, then the ∆n is com-
pensated by the frequency shift ∆ν and therefore E(t) = E(t+∆t). This can be mathematically
directly derived from Equation (5.2), assuming that the contributions to the integral from [z1, z2]
(to E(t)) and [z3, z4] (to E(t+ ∆t)) are negligible. In practice, this relation holds if ∆n is small
enough, as discussed at the end of this section. The relation between these quantities can be
derived by analyzing the phase difference φi,j between the backscattered waves reflected from
the fiber locations zi and zj , similarly to what is derived in [36]:
















From Equation 5.3 it follows that a small variation ∆n can be compensated by a longitudinal
shift of the trace ∆t (after neglecting terms of small amplitude). The relationship between ∆n














A similar derivation can be done for strain changes, which in addition lead to a change in
the relative positions of zi,zj . The measuring principle of the proposed Chirped-Pulse φOTDR
sensor derives from this result. If a ∆n occurs at a certain location of the fiber z, then the local
φOTDR pattern E(t) will be longitudinally shifted by a ∆t at that location, corresponding to the
∆ν which compensates for the ∆n. Note that local ∆t changes among two different traces can
be determined along the fiber by calculating a local correlation of the trace segments obtained
for the two consecutive measurements. As the reader can observe, the technique presents some
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similarities to OFDR sensing [11, 13, 15, 16, 18]. In OFDR the probe signal is a CW whose
wavelength is linearly swept and the backscattered signal is detected in the frequency domain.
While in Chirped-Pulse φOTDR the trace pattern suffer a temporal shift when a section suffers
a refractive index change, in OFDR it is the spectrum that suffers the shift. Thus, also by means
of cross-correlations, it is possible to detect and measure refractive index changes in a OFDR
from the frequency shift.
The measurement of ∆n along the fiber then allows for distributed temperature measure-
ments ∆T . A similar derivation can be performed for applied strains ∆ε, (which are translated
into shifts of the scattering positions of the fiber ∆z). If a ∆ε occurs then E(t) will be longi-
tudinally shifted by a ∆t, which will be added to existing ∆t caused by ∆T (if existant). The





























In this case, the measurement is essentially continuous, and the minimum detectable ∆n is
determined by the chirp (δν/τp) and the sampling (and bandwidth) with which E(t) is detected.
For large ∆n, the contributions of [z1, z2], [z3, z4] may become relevant and introduce significant
deformations to the φOTDR trace, thus limiting the validity of the approach. Experimental
results indicate that to ensure correct measurements, the maximum measurable ∆n should
correspond to a frequency change ∆ν (Equation 5.4) so that ∆ν/δν ≈ 2− 3%. This imposes a
maximum measurable ∆t which should correspond to 2− 3% of the pulse length (τp). However,
under low noise conditions and depending on the local trace conditioning, measurable frequency
changes of as much as 50% have been observed. Since the measurements can be made quite fast
(there is no requirement for a frequency sweep and single-shot acquisitions are perfectly feasible)
the expectable changes from trace to trace should be quite small. Measurements of large ∆n
variations (which typically should take long times to develop) can be also be done, in this case
accumulating the measured delay values (∆t) between consecutive traces. In this way, values of
∆n which are corresponding to a ∆ν arbitrarily larger than δν can be detected, as long as the
errors accumulated between the consecutive measurements are kept small. This allows for fast
measurements of temperature or strain, with high resolution and over long ranges, as will be
demonstrated in this chapter.
5.2.2 Measuring Technique: Temporal Correlations
While traditional φOTDR measure intensity variations of all the points of the trace over time,
the proposed Chirped-Pulse φOTDR sensor analyses the longitudinal φOTDR trace shifts that
occur along the fiber. We denote this profile of local trace shift variations as Λ(t), which is
related to the temperature or strain gradients suffered by the fiber, as discussed in the previous
section. The fiber is measured at two different (consecutive) times t1 and t2, by sending two
(equal) pulses P1 and P2 into the fiber, from which result two traces E1(t) and E2(t). Note
that the φOTDR pattern E(t) is associated with a fiber position z, by t = 2nz/c. The Λ(t)
occurred between the E1(t) and E2(t) is calculated using a moving window of cross-correlation
along E1(t) and E2(t), defined by a certain correlation time τcorr:





E1 (t− τcorr, t+ τcorr) , E2 (t− τcorr, t+ τcorr)
])
(5.7)
Here τcorr should be of the order of τp, and will set the spatial resolution. The tempera-
ture/strain variations which occurred in the fiber between t1 and t2, can then be calculated using
Equations 5.4-5.7. A continuous measurement of temperature/strain along time is possible by
simply integrating the successive measurements obtained for [E1(t), E2(t)], [E2(t), E3(t)], . . . ,
[En−1(t), En(t)].
However, a simple analysis will show that this is not the best way to minimize the cumulative
errors of a measurement. For very small values of index change, close to the resolution of the
sensor (set by the chirp and the sampling of E(t)), the error will increase due to quantization
error. For large values of index change, the error will increase because the contributions for E(t)
generated from [z1, z2], [z3, z4] (see Figure 5.1) are no longer negligible. Therefore, for a certain
measurement setup, there will be a certain range of index change values for which the measure-
ment error is minimum. An efficient way of minimizing the error in case of small variations is
then to use the measurement of consecutive traces as a first estimate and then compare pairs
of [Ei(t), Ej(t)] that are more spaced in time, and for which the calculated temperature/strain
variations are close to the shifts where the error is known to be minimum. Other algorithms
taking into account multiple comparisons of traces to reduce the measurement error can be
thought of.
5.3 Distributed Sensing of Temperature, Strain and Vibrations
5.3.1 Experimental Setup
The experimental setup used to measure temperature/strain changes with the new proposed
technique is depicted in Figure 5.2. It is based on a traditional φOTDR scheme [34] but intro-
ducing a linear chirp in the pulse through the current control of the laser.
Figure 5.2: Experimental setup of Chirped-Pulse φOTDR [134,167–172]. LD, Laser Diode; SG,
Signal Generator; EDFA, Erbium Doped Fiber Amplifier; I&T, Intensity and Temperature.
The light source is a Laser Diode (LD) with a linewidth of 1.6 MHz emitting at 1546.66 nm
and working in continuous emission. The LD is driven by a standard current and temperature
controller to select the laser central wavelength. A secondary current control applies a repetitive
electric ramp signal in the laser driver, which introduced a linear chirp at certain times in the
outputted laser light. This light is then gated in the time domain by a Semiconductor Optical
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Amplifier (SOA), whose driver is synchronized with the secondary laser current control, thus
generating linearly chirped pulses. The SOA has rise/fall times in the order of 2.5 ns, and is
driven by a waveform Signal Generator (SG), to create 100 ns square pulses, which implies a
spatial resolution of 10 m in this case. An optical isolator is used between the LD and the SOA
to avoid laser instabilities due to reflections in the following devices. Three different chirp slopes
are on the optical pulses, resulting in total pulse spectral contents ranging from 0.8 GHz to 2.3
GHz. To avoid errors, they are characterized experimentally by means of Phase Reconstruction
using Optical Ultrafast Differentiation (PROUD), a self-referenced technique which allows re-
covering the instantaneous frequency and phase of arbitrary optical signals (previously presented
in Subsection 4.4.2). Particularly, Balanced PROUD has been used in this experiment, which
allows obtaining in real-time the instantaneous frequency profile of a pulse [117–119]. The setup
for this characterization is exactly the same presented in Figure 4.14 in Chapter 4 (Subsection
4.4.2.1) [117]. The three chirp slopes induced in the optical pulses are presented in Figure 5.3,
having the following spectral contents: Chirp1 = 0.81± 0.02 GHz (black), Chirp2 = 1.62± 0.04
GHz (red) and Chirp3 = 2.32±0.05 GHz (green). The main source of uncertainty in these values
is the slope of the optical filter used to derivate the signal [117] which could be at least 1%. The
chirp profile of the pulses showed a good linearity, and should therefore introduce small errors
in the temperature/strain measurements.























Figure 5.3: Instantaneous frequency profile of the three different chirps induced in 100 ns optical
pulses [167].
An Erbium-Doped Fiber Amplifier (EDFA) is used to amplify the pulse peak power to
achieve longer sensing distances. Between the SOA and the EDFA, a variable optical attenuator
is introduced to control the EDFA input power and to avoid possible non-linearities generated
in it. Note that if no non-linearities occur in the EDFA, this attenuator (attenuator 1) is not
required in the setup, since the power of the optical pulse injected into the fiber can be tuned
using only attenuator 2. In order to filter the Amplified Spontaneous Emission (ASE) added by
the EDFA, a tunable Fiber Bragg Grating (FBG) working in reflection is inserted. The FBG
spectral width is 0.8 nm.
Before injecting the optical pulse in the Fiber Under Test (FUT), another tunable attenuator
controls the input power to avoid non-linearities in the fiber, mainly due to Modulation Insta-
bility (MI) [106]. The backscattered signal is amplified with another EDFA and filtered with a
0.5 nm spectral width optical filter. Finally, the light is detected in a p-i-n photo-detector with
a bandwidth of 13 GHz and a high-speed digitizer with 40 GHz sampling rate. Furthermore, to
avoid damaging the p-i-n photodetector, another tunable attenuator controls its input power.
Note that, in comparison with traditional φOTDR systems, here the detection bandwidth and
digitizing speed need to be much higher, as they should cover the total bandwidth of the chirp
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signal used.
The FUT used in the experiment has a length of 1 km. All the FUT is immersed in a water
bath, to maintain the fiber temperature stable. For the temperature measurements, the last
20 m of the FUT were placed inside an oven which allowed to control the temperature. The
temperature inside the oven is registered with a thermometer with a resolution of 0.1 °C, for
a later comparison with the fiber measurements. Later, for the strain measurements, the last
20 m of the FUT were strapped around a Piezoelectric Transducer (PZT) which allowed the
controlled application of deformations.
5.3.2 Temperature Sensing
To illustrate the principle of the measurement, Figure 5.4 presents the evolution of the trace
at given positions when the FUT experiments a local temperature change. The figure was
obtained with the Chirp3 frequency profile, showing a total spectral content of 2.32 GHz. For
this demonstration, heat is applied in the last 20 m of the 1 km FUT, while the remaining
FUT is keep at the same temperature. Traces are acquired with a frequency of 1 Hz, without
averaging. As expected, the trace remains the same outside the heated point, but starts to shift
longitudinally in the the last 20 m. In Figure 5.4(a) (non-heated region) it can be observed that
the three consecutive traces remain constant over the time. In contrast, in Figure 5.4(b) (heated
region) it is possible to observe a longitudinal shift of the trace. The traces are separated
by around 17 samples each with 40 GHz sampling rate, i.e., 425 ps. This corresponds to an
approximate variation of ∼ 8 · 10−3 °C in temperature from trace to trace (in agreement with
the expectation), which gives us an idea of the potential of this system for high resolution
measurements.
(a) Non-heated region (b) Heated region
Figure 5.4: Longitudinal shift of the φOTDR trace when temperature changes are applied to
the FUT [167].
As it was demonstrated in Equation 5.4, the longitudinal shift for a given refractive index
change (∆n/∆t) depends on the chirp slope (δν/τp) used. To experimentally demonstrate this
principle, a controlled temperature variation of 5 °C is applied on the same point employing
the three different chirp slopes. The results are shown in Figure 5.5. For the same tempera-
ture changes, the observed longitudinal shifts are inversely proportional to the chirp slope, as
expected. This principle allows for the sensitivity of the sensor to be tuned by acting on the
chirp of the interrogating pulses. Using Equations 5.4 and 5.6, the total temperature change
is calculated for each chirp: ∆TChirp1 = 4.957 °C, ∆TChirp2 = 5.005 °C, ∆TChirp3 = 5.116 °C.
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These are therefore in agreement with the temperature change of 5± 0.1 °C recorded by a man-
ual thermometer with 0.1 °C resolution. Note that the temperature variations correspond to
a frequency shift of ∼ 6.7 GHz (Equation 5.6), which exceeds the pulse spectral content in all
three cases.

















Figure 5.5: Longitudinal trace shifts corresponding to a linear temperature variation of 5 °C
applied over 280 s for the three different pulse chirp slopes shown in Figure 5.3 of meter 979.
To evaluate the long term stability of the sensor, the last 20 m of the FUT are heated from
23 °C to 27.5 °C and cooled to the starting temperature, over approximately 270 minutes, while
the entire FUT is monitored. Figure 5.6(a) shows the temperature evolution of the meter 979
of the FUT (the center of the heated section). The black line represents the fiber temperature
measured with the φOTDR, while the green dots are the thermometer measurements (green
lines represent the measurement error of the thermometer). As it is observed, the fiber follows
perfectly the temperature variations with a negligible accumulated error. Finally, Figure 5.6(b)
shows the temperature profile along 70 m of fiber around the heated section at different times.
The heated section is perfectly detected by the system which has enough spatial resolution (10
m) to observe a heated section of 20 m. As expected, in the regions outside the heated section
(which are kept at constant temperature), the φOTDR sensor recorded a constant temperature
with no variations over time.
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 t2 = 25 min
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Figure 5.6: Measured temperature variations when temperature is rised from 23 °C to 27.5
°C and back to 23 °C in 20 m of fiber around meter 979 of the FUT, over 270 minutes. (a)
Temperature evolution of meter 979 along time; (b) Temperature profile along 70 m of fiber at
different times [167].
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5.3.3 Strain Sensing
After the temperature measurements, the feasibility of the proposed sensor for dynamic and
static strain measurements is analyzed. As in the previous section, 100 ns optical pulses with a
spectral content of Chirp3 = 2.32 GHz are used to realize the measurements.
Firstly, the stability of the sensor over several minutes for large applied strains is analyzed.
For this, deformations are applied by manually acting on a linear translation stage to which a
fiber section near the end of the FUT is glued. The φOTDR traces are acquired with a frequency
of 2 kHz and the total measured strain is calculated by integrating the strain variations measured
from trace to trace. Figure 5.7 presents the strain variations measured by the φOTDR when
deformations corresponding to strains varying from 0 µε to ±300 µε and back to 0 µε are applied.
Note that the total frequency shift corresponding to 300 µε is ∼ 45.4 GHz (Equation 5.5), and
that the total integrated strain variation applied is 1200 µε (∼ 181.4 GHz), which largely exceeds
the pulse spectral content (2.32 GHz). However, the calculated strain is observed to return to
zero when the applied strain is returned to zero after 160 s. This again clearly demonstrates the
long term stability of the sensor and that large measurement ranges (which largely exceed the
equivalent to the pulse spectral content) are achievable.





























Figure 5.7: Measured strain variations when strain applied to the fiber is manually varied (using
a linear translation stage) from 0 µε to ±300 µε and back to 0 µε, near the end of the FUT,
over 160 seconds [167].
5.3.4 Vibration (Dynamic Strain) Sensing
In order to characterize the dynamic strain sensing capability of the sensor, the last 20 m of the
FUT are strapped around a PZT, which applied deformations controlled by an electrical input.
The φOTDR traces are now acquired with a frequency of 4 kHz.
The dynamic strain measurements are presented in Figure 5.8. Figure 5.8(a) presents the
measured strain when a 1 Hz sinusoidal strain is applied to the fiber by the PZT, with a maximum
amplitude of 100 nε. As it is clearly observed, a good agreement between the experimental
measure and the applied strain is observed. Furthermore, the quantization error (set by the
system minimum temporal resolution in determing ∆t of 25 ps, i.e., 1 sample at 40 GHz) is
clearly observed, thus demonstrating the resolution limit of the system of 4 nε (Equations 5.4,
5.5). It should be mentioned that in this case, the total measured strain is calculated by simply
using the strain variations calculated with reference to the first trace of the measurement (at t
= 0). This is possible as in the frequency shift (17 MHz) corresponding to the maximum applied
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strain ( ±100 nε) was significantly lower (<1%) than the pulse total spectral content (2.32 GHz)
in this case.
Figure 5.8(b) presents a spectrogram of the frequencies measured by the φOTDR when the
PZT apply a frequency sweep between the frequencies 450 Hz to 850 Hz with a period of 1 s.
The instantaneous frequency of the spectrogram is calculated using a moving window of 40 ms
width over the recovered correlation shift profile. The high linearity of the transfer function
of the sensor is clearly demonstrated as no harmonics are observed in frequencies of up to 2
kHz. The Signal to Noise Ratio (SNR) of the measured frequencies is >25 dB, which clearly
indicates the potential of this technique for achieving simultaneously true strain measurements,
high linearity and good signal to noise ratio.




























Figure 5.8: Measured dynamic strain variations when strain is applied by a PZT in 20 m of
fiber around meter 979 of the FUT. (a) Measured strain for a 1 Hz sinusoidal strain with
100 nε maximum amplitude; (b) Spectrogram (logarithmic scale - dB) for an applied strain of
a frequency sweep between 450 Hz to 850 Hz with a period of 1 s (instantaneous frequency
calculated using a moving window of 40 ms width of the measured dynamic strain) [167].
5.3.5 Acoustic Sensing: experimental demonstration
These results demonstrate the capability of this sensor for performing truly linear and dynamic
strain measurements using the presented technique. For this purpose, different sounds are ap-
plied to the PZT in order to create controllable dynamic strain variations on the fiber, which is
controlled by an electrical input. The φOTDR traces are acquired with a frequency of 4 kHz.
Firstly, we apply three pure tones with known amplitudes onto the fiber and recovered the
applied strain. The results are presented in Figure 5.9. The applied signal has a duration of
3.5 seconds and contains three frequencies of 523 Hz, 659 Hz and 784 Hz. Figure 5.9(a) shows
the full measurements, with a maximum amplitude of 80 nε. As it is clearly observed, a good
agreement between the experimental measure and the applied strain is observed. The small
amplitude disagreement at 784 Hz is caused by the amplitude response of the PZT element and
not the optical sensor. In Figure 5.9(b) it is shown a zoom of the first tone in Figure 5.9(a)
where a good correspondence between the measured and applied strain variation is visible. To
demonstrate the linear behavior of the sensor, Figure 5.9(c) presents the spectrogram of the
recorded signal. The spectrogram is calculated using a moving window of 90 ms width over the
recovered signal. The high linearity of the transfer function of the sensor is clearly demonstrated
as no harmonics are observed in frequencies up to 2 kHz. The SNR of the measured frequencies
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(b) A detail of 0.03 s of Figure (a)
(c) Spectrogram for the full vibration (instanta-
neous frequency calculated using a moving window
of 90 ms)
Figure 5.9: Measured strain variations when strain applied by a PZT in 20 m of fiber around
meter 979 of the FUT. Three pure tones of 523 Hz, 659 Hz and 784 Hz have been applied [168].
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is >25 dB, which clearly indicates the potential of this technique for achieving simultaneously
true strain measurements, high linearity and good SNR.
Finally, the first 5 seconds of the 5th symphony of Beethoven are applied to the fiber. The
recorded signal is presented in Figure 5.10. Again, there is a good agreement between the
experimental measure and the applied strain, the small disagreements coming more from the
non-flat spectral PZT response and fiber mechanical coupling than from the φOTDR response.
The signal recorded by the φOTDR is also perfectly understandable by human hearing when
played by a speaker.














































(b) A detail of 0.1 s of Figure (a)
Figure 5.10: Measured strain variations when strain applied by a PZT in 20 m of fiber around
meter 979 of the FUT. First 5 seconds of 5th symphony of Beethoven has been recorded [168].
5.4 Limitations
The presented technology, compared to the rest of Distributed Optical Fiber Sensors (DOFSs),
presents huge advantages such as high-resolution, dynamic measurement and quantitative tem-
perature or strain variation measurements, all this in a simple, robust and time-effective manner.
However it presents two main limitations. Firstly, as the photodetection bandwidth is wider
comparing to a traditional φOTDR, the resulting electrical noise caused by the photodetection
process is higher. However, information is taken from a trace section, rather than a trace point
(as in traditional φOTDR). Therefore the maximum measurable ranges of both technique are ex-
pected to be similar. Secondly, the laser phase-noise has an important impact in Chirped-Pulse
φOTDR signals. In particular, it will be shown that the noise in the readings of strain/temper-
ature changes along the fiber scales directly with the frequency noise power spectral density of
the laser note that this issue is shared with traditional φOTDR). A deep analysis of these limi-
tations and proper solutions to mitigate their effects in Chirped-Pulse φOTDR will be presented
in Chapter 6 and Chapter 7. Lastly, the technique requires a higher computational consump-
tion than traditional φOTDR. This however is not a fundamental limiting issue since real-time
operation has been demonstrated using GPUs commercially available at prices well below the
cost of the optical setup.
5.5 Conclusions
In this chapter, a simple and innovative distributed fiber sensor for dynamic measurement of
temperature and strain variations was presented. It is based on φOTDR using linearly chirped
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pulses. The system avoids the need of performing laser frequency sweeps, replacing them by the
computation of simple correlations from trace to trace. It also avoids the use of complex and
unstable phase recovery techniques relying on a local oscillator. The resolution of the sensor can
be tuned by acting on the pulse chirp slope. With simple setups, temperature/strain resolutions
of 0.5mK/4nε could be readily demonstrated. It was also shown that the sensing method can
cumulatively track large total temperature/strain variations (much larger than those equivalent
to the total spectral content of the pulse), as long as the variations from trace to trace are small
enough and care in the processing is taken so as to keep the cumulative errors bounded.
The system allows for the precise quantification of temperature/strain change variations in a
single shot, reaching measurement speeds at kHz rates, while maintaining reliability over several
hours. Thus, this new sensor open the use of distributed optical sensing to a large number of new
applications such as chemical, wind or light sensing, which require high sensitive temperature
measurements. Also ionizing radiation could be detected with this system since it has been
demonstrated the dependence of the fiber refractive index with it [173,174]. The high vibration
sensitivity of the sensor could be also applied to detect and quantify micro-earthquakes.
A conceptual demonstration with a spatial resolution of 10 m over 1 km is provided, but the
system should in principle allow for similar settings to traditional φOTDR, with metric spatial
resolutions over tens of kilometers. The presented sensor has potential to greatly extend the
operating ranges of φOTDR, as it will be demonstrated in Chapter 7. The only cost increase
of the sensor appears in the detection scheme and in the digitizer, both of which scale with
the amount of chirp applied. While the work here presented was aimed at maximizing the
performance of the technique for an initial conceptual demonstration, note that the setup can
be scaled to operate with a few hundred MHz of chirp/detection bandwidth/sampling rates, thus
bringing the system closer to the operation of traditional φOTDR. The system proves to be far
more simple and robust than other dynamic and distributed strain/temperature measurement
methods reported in the literature. Temperature, strain, vibrations and acoustic sensing has
been demonstrated along the whole chapter.
Chapter 6






In Chapter 5, we have proposed a novel methodology to achieve high-resolution, quantitative
dynamic temperature or strain variation measurements using Phase-Sensitive Optical Time Do-
main Reflectometry (φOTDR) and linearly chirped-pulses [167]. It was demonstrated that using
a linearly chirped probe pulse, a perturbation in the refractive index of the Fiber Under Test
(FUT) is translated into a localized, controlled temporal shift of the backscattered trace. This
temporal shift is proportional to the applied perturbation, allowing a systematic quantification
of the refractive index variation with no need for phase detection systems or time-consuming
frequency sweeping strategies [175]. Hence, by calculating local correlations of trace segments
between two consecutive power measurements, the absolute value of the applied perturbation
can be readily obtained. However, the accuracy in the correlation measurements broadly de-
pends on two factors, the correlation noise, which is in turn related to the linear chirp applied
to the probe signal, the correlation window, and the Signal to Noise Ratio (SNR) of the trace;
and also on the phase-noise of the light source.
In this chapter the impact of the laser phase-noise in Chirped-Pulse φOTDR systems is
analyzed theoretically and experimentally [176–178]. To validate the developed model, an ex-
perimental study has been performed using three lasers with different static linewidths (5 MHz,
50 kHz and 25 kHz), i.e., with different phase-noise. Besides, it is presented a simple technique
to mitigate the effect of the laser phase-noise in Chirped-Pulse φOTDR measurements. As it
will be demonstrated along this chapter, the proposed procedure enables to detect perturbations
with high SNR even when using relatively broad linewidth lasers (high phase-noise). In partic-
ular, a SNR increase of 17 dB has been experimentally achieved by applying the proposed noise
cancellation technique.
6.2 Impact of Laser Phase-Noise in Chirped-Pulse φOTDR
In order to provide a deep analysis of the impact of laser phase-noise in Chirped-Pulse φOTDR,
we develop here a theoretical model that describes it. Let us assume that probe pulse P (t, z) has
a rectangular intensity profile of amplitude E0 and temporal length τp, and whose instantaneous
frequency profile is given by ν(t) = ν0 + δν/2 − δν · (t/τp). The expression of P (t, z) can be
written as:












where tz is considered the time taken by the pulse to reach the position z in the fiber and ϕr(t)
is the random phase-noise induced by the laser. The random instantaneous frequency due to







Following a similar derivation as in Chapter 5, it can be easily demonstrated that, to first
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Hence, the temporal shift induced in the trace will be then associated to a variation in the
refractive index of the FUT, inducing an error in the strain measurement. Thereby, this induced




)2 ∝ ∆f (6.4)
where Sε and Sνr are the strain and the random instantaneous frequency noise power spectral
densities (PSD), respectively, and ∆f is the laser static linewidth, which is directly proportional
to Sνr [179]. From Equation 6.4, it can be concluded that the strain uncertainty of the sensor is
also proportional to the laser static linewidth. Hence, choosing a laser with low phase-noise is,
in principle, essential to realize low uncertainty measurements [176].
Equation 6.3 shows the inverse relationship between the chirped pulse bandwidth and the
∆tr error induced by the laser phase-noise. Thus, when the laser phase-noise is the limiting
factor, the higher the probe pulse chirp, the lower the uncertainty in the determination of the
delay. However, the nominal delay induced by the refractive index variation to be measured
is also inversely proportional to the pulse chirp (see Equation 5.4 in Chapter 5). Eventually,
the chosen pulse chirp will have no effect on the accuracy of the measurand in Chirped-Pulse
φOTDR schemes (i.e. both signal amplitude and laser phase-noise effects scale inversely with
the chirp). Still, it is important to consider that, due to the relationship between delay and
probe pulse width inherent to the system (∆t < 0.03τp), a higher pulse chirp will enable the
proper measurement of higher vibration amplitude between two consecutive traces, see Equation
5.4 in Chapter 5. As such, the most convenient choice in terms of chirp values appears to be the
higher chirp value allowed by the available system detection bandwidth.
6.2.1 Experimental Setup
The conclusions reached in the previous section are experimentally validated in what follows.
The setup employed to carry out the analysis of the phase-noise is shown in Figure 6.1 (similar
to Figure 5.2 presented in Chapter 5), which can be divided in three main blocks.
The first block accounts for the generation of the chirped probe pulse. Here, a Laser Diode
(LD) working in continuous emission is driven by a Current and Temperature (I&T) controller
to select the central wavelength. The I&T controller is a Laser Diode Controller (Newport LDC-
3724C) with a laser output Noise/Ripple of 4 µA which ensures a very low noise transfer to the
LD. A secondary current control applies a repetitive electric ramp signal to the laser driver,
inducing a linear chirp at certain times in the outputted light. Then, a Semiconductor Optical
Amplifier (SOA) gates the chirped signal creating square optical pulses of 100 ns width with an
extinction ratio >50 dB and a repetition rate of 40 kHz. The chirp spectral content of the pulses
is controlled by the peak voltage of the ramp, which is varied to induce spectral contents of 350
MHz, 590 MHz and 860 MHz. An Erbium-Doped Fiber Amplifier (EDFA) boosts the power of
the optical pulses before injecting them into the fiber. A Dense Wavelength Division Multiplexer
(DWDM) follows the EDFA to filter out part of the generated Amplified Spontaneous Emission
(ASE). The bandwidth of this DWDM is 0.8 nm. Finally, a tunable attenuator is used to control
the peak power of the pulses so that non-linear effects along the FUT are avoided. The second
block corresponds to the FUT. It consists of a fiber spool of 1 km whose last 20 m are coiled
around a Piezoelectric Transducer (PZT). The PZT is connected to an electrical signal generator
and allows us to apply controlled vibrations on the fiber. The third block handles the detection
of the backscattered trace. For this purpose, the signal is first amplified and filtered in. Then,
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Figure 6.1: Experimental setup of Chirped-Pulse φOTDR for laser phase-noise cancellation
[176, 177]. LD, Laser Diode; SG, Signal Generator; SOA, Semiconductor Optical Amplifier;
EDFA, Erbium Doped Fiber Amplifier; DWDM, Dense Wavelength Dense Multiplexer; TA,
Tunable Attenuator; I&T, Current and Temperature.
the resulting signal is directly detected using a p-i-n photo-detector with a bandwidth of 1 GHz
and a high-speed digitizer with 40 GSps sampling rate.
To study the relationship between the measurement uncertainties and the laser phase-noise,
three LDs with different linewidths, namely 5 MHz, 50 kHz and 25 kHz, have been employed.
These values were obtained using a delayed self-heterodyne method [180]. In this method, one
portion of the laser beam is sent through a long optical fiber (larger than the coherence length of
the laser) which provides some time delay. Another portion is sent through an intensity modula-
tor, which is driven with a constant frequency and shifts all the optical frequency components by
that frequency. Both beams are finally superimposed using an optical coupler, and the resulting
beat note is recorded with a photodetector. Since the fiber delay is large, the superimposed
beams are essentially uncorrelated, and the output spectrum becomes a simple self-convolution
of the laser output spectrum, from which the laser linewidth is easily retrieved. The employed
lasers are commercially available lasers, namely a Fitel FRL15DCWD, Thorlabs SFL1550P, and
Rio Planex (Grade 1), respectively. The PZT induces a sinusoidal perturbation of 2 kHz and
amplitude of 40 nε, which is first detected using the three lasers and the chirped pulses of 860
MHz. In this case, the resolution of the measurement is 1 nε.
6.2.2 Results
The three strain measurements are presented in Figure 6.2, which shows the last 100 m of FUT.
In the remainder of this chapter, we refer all the mentioned fiber positions to those last 100 m.
In the figure, the noise level difference between measurements is clearly noticeable. In particular,
Figure 6.2(a) shows the measurement obtained when using the laser with the highest linewidth,
i.e., 5 MHz. The region affected by the vibration, between 70 m and 90 m in the figure, can be
discerned but it is slightly diffuse due to the high level of noise covering the measurement. In
contrast, the lasers with lower linewidths (lower phase-noise) present better results, as observed
in Figure 6.2(b) and 6.2(c). Here, the region affected by the vibration is clearly defined and the
non-affected region is almost totally flat. As expected, the laser with lowest linewidth (25 kHz)
presents the best results.
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(a) ∆f = 5 MHz
(b) ∆f = 50 kHz
(c) ∆f = 25 kHz
Figure 6.2: Strain measurements from the last 100 m of the FUT, employing three lasers with
different linewidths [176].
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(a) (b)
(c)
Figure 6.3: Power Spectral Density (PSD) of 2 kHz vibrations detected along 0.4 s recording
time. (a) Results obtained when using a probe pulse with chirp spectral content of 860 MHz,
generated from the laser with linewidth of 5MHz (black line), 50 kHz (red line) and 25 kHz
(green line); (b) Detail of the 2 kHz frequency peak; (c) Results obtained when using the laser
with 25 kHz linewidth and different values of chirp, namely 860 MHz (black line), 590 MHz (red
line), and 350 MHz (green line) [176].
In order to quantify the SNR improvement in the measurements obtained from the different
lasers, we compare the Power Spectral Density (PSD) of the recorded vibrations, namely at
78 m (point of maximum amplitude), over a recording time of 0.4 s. The obtained PSDs are
plotted in Figures 6.3(a) and 6.3(b), from which we can verify that the 2 kHz vibration has been
correctly detected. A low frequency, noise of about <100 Hz is also present in the measurements,
which is mainly attributed to mechanical and thermal fluctuations along the measurements. The
frequency peak has almost the same amplitude (-68 dB) (as expected, since the signal applied is
constant) in the three curves while the background noise is substantially different in each case,
leading to an SNR of 34.4 dB when using the laser with 5 MHz linewidth (black line); while
the SNR increases to 54.7 dB and 56.7 dB for the lasers of 50 kHz (red line) and 25 kHz (green
line), respectively. Thus, an SNR increase of 20.3 dB (laser with linewidth of 50 kHz) and 22.3
dB (laser with linewidth of 25 kHz) is obtained as compared with the results obtained from the
5 MHz-linewidth laser. The experimental results show a good agreement with the theoretical
model: according to Equation 6.3, the expected SNR increase between the 5 MHz-linewidth
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laser and the 50 kHz and 25 kHz-linewidth lasers should be of 20 dB (20.3 dB experimental)
and 23 dB (22.3 dB experimental), respectively.
Besides, we also experimentally verify that the chosen pulse chirp does not affect the mea-
surement SNR. For this purpose, the recovered strain variation is obtained for three different
chirp values, corresponding to pulse spectral contents of 350 MHz, 590 MHz and 860 MHz,
respectively, using the laser with lowest phase-noise (i.e., 25 kHz static linewidth). To carry out
these measurements, we have reduced the amplitude of the applied sinusoidal perturbation to
match with a value of properly measurable strain when using the lowest pulse chirp [167]. The
PSD of the obtained results is plotted in Figure 6.3(c). As it can be observed from the figure, the
strain amplitudes and noise levels are independent on the employed chirp. Note that, although
lower values of chirp lead to higher measures of delay 5.4, the strain amplitude is adequately
attained in all cases. Similarly, the level of noise has scaled proportionally, in good agreement
with the expected outcome.
6.3 Laser Phase-Noise Cancellation
6.3.1 Proposed Method
As explained in Section 6.2, in Chirped-Pulse φOTDR-based sensors the phase-noise directly
induces an error in the strain measurement, which is proportional to the laser frequency fluc-
tuations (see Equations 6.2 and 6.3). In this section, it is presented a simple methodology to
significantly reduce the error induced by the laser phase-noise in this sensing technology. The
finite linewidth of commercially available lasers produces a deviation in the emitting frequency
over the nominal central frequency ν0. This variation must be slower than the pulse width, as
this is a general restriction of φOTDR setups (i.e., the laser source must have a coherence time
longer than the pulse width). However, the central frequency of each pulse may differ from pulse
to pulse, ν0 + νr,k, where the subscript k stands for each different pulse within the input pulse
train. Under these considerations, it is inferred that each detected backscattered trace may
suffer a particular deviation (i.e. a local delay) that is maintained along the whole trace, but
different from the other traces. This phenomenon is clearly observed in Figure 6.2(a), in which
horizontal lines, corresponding to a noise pattern which is constant along the fiber position but
varying in time, appear superimposed to the signal. This means that the frequency fluctuations
of the input laser can be, to some extent, measured with the Chirped-Pulse φOTDR scheme.
This is the basis that allows compensation of this noise. Hence, to mitigate the effect of that
laser phase-noise in φOTDR measurements, we propose the following simple strategy. A portion
of FUT must be kept unperturbed. The trace resulting from this fiber section will only contain
low frequency environmental fluctuations (which can be minimized e.g., by introducing this sec-
tion of fiber under a water bath or in a soundproof box) and the frequency fluctuations caused
by the laser linewidth. By averaging the temporal shift induced in the trace along this unper-
turbed fiber section, it is possible to obtain the temporal pattern of laser frequency fluctuations
(νr,k) and compensate them along the complete fiber length. The length of the unperturbed
section has to be chosen long enough so that fast phase-noise fluctuations plus additional terms
of thermal and optical noise are completely averaged.
6.3.2 Results
To prove the validity of the proposed technique, we have calculated the laser frequency-noise
fluctuations from the first 20 m of FUT shown in Figure 6.2 (recall that the figure shows the last
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(a) ∆f = 5 MHz
(b) ∆f = 50 kHz
(c) ∆f = 25 kHz
Figure 6.4: Strain measurements from the last 100 m of the FUT, employing three lasers with
different linewidths [176].
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(a) ∆f = 5 MHz (b) ∆f = 50 kHz
(c) ∆f = 25 kHz
Figure 6.5: Power spectral density (PSD) of 2 kHz vibrations when using a probe pulse with
chirp spectral content of 860 MHz, generated from the laser with linewidth of (a) 5MHz (black
line), (b) 50 kHz (red line) and (c) 25 kHz (green line), before and after laser phase-noise
compensation [177].
100 m of fiber). We have subtracted the fluctuation average obtained from these 20 m to the
whole detected traces. The obtained results are plotted in Figure 6.4, from which we can observe
a substantial improvement in the detection of the sinusoidal vibrations. This improvement is
particularly evident in the case in which the 5 MHz-linewidth laser is employed (Figure 6.4(a)).
In this case, the background noise has been almost completely eliminated, in such a way that
the sinusoidal perturbation is now clearly distinguishable.
To quantify the attained improvement, we have measured the SNR from the PSD of the
resulting curves. Figure 6.5 presents the PSD of the compensated measurements at 78 m, over
0.4 s. The SNR improvement achieved from the proposed frequency-noise compensation method
is 14.1 dB for the 5 MHz-linewidth laser (Figure 6.5(a)); 17.1 dB for the 50 kHz-linewidth laser
(Figure 6.5(b)); and 16.4 dB for the 25 kHz-linewidth laser (Figure 6.5(c)). The fact that the
noisiest laser presents the lowest frequency-noise compensation can be due to the fact that the
proposed technique only compensates for the instantaneous frequency fluctuation (i.e., the first
derivative of the laser phase-noise, see Equation 6.2).
In general, a noisier laser will have higher values of higher-order phase-noise components,
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which cannot be compensated by the proposed methodology. In addition, in Figure 6.5, we
can also observe that the low frequency fluctuations (< 100 Hz) are maintained after the laser
frequency-noise compensation, which corroborates the fact that we have only affected the fre-
quency noise fluctuations of the laser, but not the small thermal and mechanical drifts of the
reference fiber section. Also, in the PSD obtained from the lasers with 50 kHz and 25 kHz
bandwidth it is possible to observe harmonics of the fundamental vibration frequency that could
be barely observed prior to the frequency noise compensation. It is worth mentioning that those
harmonics have an amplitude about 25 dB below the fundamental peak, attesting for the high
linearity of the Chirped-Pulse φOTDR sensing technology. The obtained results expose the
strong potential of Chirped-Pulse φOTDR for high SNR strain measurements even when using
relatively low coherence lasers (although always much longer than the probe pulse width).
6.4 Conclusions
The negative impact of the laser phase-noise in Chirped-Pulse φOTDR-based sensors has been
studied both theoretically and experimentally. In particular, we have proven that the laser
phase-noise induces an uncertainty in the temperature/strain measurement which is directly
proportional to the laser frequency fluctuations. This is owed to the fact that the random
frequency drifts of the laser generate different temporal shifts in the traces, which are readily as-
sociated with variations in the refractive index of the FUT. Hence, we have shown that narrower
laser linewidths allow a significant increase in the SNR of the strain recording. The experimental
analysis has been performed using three different lasers with linewidths of 5 MHz, 50 kHz and
25 kHz, respectively. An SNR enhancement of ∼22 dB has been obtained when decreasing the
linewidth from 5 MHz to 25 kHz, in good agreement with the expected theoretical trend.
Additionally, considering the way the laser phase-noise impacts on the detected traces, we
have presented a simple technique to mitigate the induced temperature/strain uncertainty. The
basis of the technique lies on the fact that small frequency deviations in the input laser can be
quantified in a section of fiber that is mechanically and thermally isolated. This unperturbed
fiber section allows us to measure the pulse-to-pulse frequency deviation, and therefore com-
pensate for this deviation in each trace by simple subtraction of the corresponding delay. By
using this method, up to 17 dB SNR enhancement has been achieved (14 dB when using the
noisiest laser, i.e., that one with 5 MHz linewidth). The presented results reveal the robustness
of Chirped-Pulse φOTDR, since it allows single shot, quantitative, high SNR strain measure-
ments with relatively low coherent laser sources (still always with much longer coherence times









Chirped-Pulse Phase-Sensitive Optical Time-Domain Reflectometry (Chirped-Pulse φOTDR),
presented in Chapter 5, has allowed to perform high-resolution, quantitative dynamic tempera-
ture or strain variation measurements in a simple, robust and time-effective manner [134, 167–
170,176]. The presented technology, compared to the rest of Distributed Optical Fiber Sensors
(DOFSs), presents huge advantages such as high-resolution, dynamic measurement and quantita-
tive temperature or strain variation measurements, all this in a simple, robust and time-effective
manner.
As with traditional φOTDR, range and resolution are tightly related parameters of the
system. In order to increase the measurable range, higher energy probe pulses are required.
This could be achieved by increasing the pulse width, which translates however into a reduction
of the sensing spatial resolution. On the other hand, the peak power of the pulse could be
alternatively risen, but this solution is limited by the advent of non-linear effects [40, 106, 107].
As it was presented in Chapter 3 (Section 3.5), usually Modulation Instability (MI) is the first
non-linear effect that appears in a φOTDR-based sensor, which generates two sidebands at each
side of the probe carrier frequency. Furthermore, the use of traditional rectangular probe pulses
generally induces a power exchange between the pump and the sidebands known as Fermi-Pasta-
Ulam (FPU) recurrence [122, 123]. This effect is revealed in the trace as a visibility fading at
certain specific positions and, consequently, a loss in the sensing sensitivity at those positions.
In Chapter 4 (Section 4.2), the impact of the use of probe pulses with different beam shapes
on the backscattered power trace of φOTDR systems have been analyzed. It was concluded
that a Gaussian or triangular envelope pulse limits the effect of MI and mitigates the advent
of the FPU recurrence, which enables an increase of the length range and sensitivity. However,
for a substantial increase of the φOTDR range, distributed amplification [19–27] is also a more
suitable solution.
As it was presented in Chapter 3 (Subsection 3.5.2), distributed non-linear amplification
techniques (Raman, Brillouin or parametric) have been extensively implemented in Distributed
Optical Fiber Sensors (DOFSs) [19–24, 70, 125, 126]. As the attenuation losses are compen-
sated along the measuring fiber, the sensing range can be enlarged without compromising the
resolution. Regarding sensors based on Rayleigh scattering, spatial resolutions of 10 m over
sensing lengths exceeding 100 km have been demonstrated [19–27]. Nevertheless, when dis-
tributed amplification is to be applied to Chirped-Pulse φOTDR, it is important to consider
that the non-linear, chromatic dispersion and pump depletion effects that the pulse may suffer
along the fiber will affect not only the pulse shape but also its instantaneous frequency profile.
In this case, distortions in the linear frequency profile of the pulse can be detrimental for the
proper operation of a Chirped-Pulse φOTDR system. For this reason, increasing the sensing
range using non-linear distributed amplification is not trivial, and deserves a careful study. To
date, the maximum sensing range reported in this technique is 11 km [134] without distributed
amplification.
The use of distributed Raman amplification for increasing the sensing range of distributed
optical fiber sensors has been previously introduced in Chapter 3 (see Subsection 3.5.2.1). In this
chapter, the possibility of using this technique for increasing the sensing range of Chirped-Pulse
φOTDR is studied. Additionally, we thoroughly analyze the possible distortions induced in the
phase and intensity profiles of the optical probe pulse in its propagation along the sensing fiber.
A sensing range of 75 km with 10 m spatial resolution and 1 nε resolution in the measurement
of strain perturbations is successfully demonstrated [181].
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7.2 First-Order Raman-Assisted Chirped-Pulse φOTDR
7.2.1 Fundamentals and Theoretical Model
Raman amplification is a well-known solution to increase the sensing range of distributed fiber
sensors [19–27]. A commonly used configuration works by injecting two CW Raman pumps
(centered around 1455 nm) through both ends of the fiber. The provided Raman gain (gR) will
appear at the wavelength of the φOTDR pulse, which is around 1550 nm.
Assuming that the optical pulse propagates in the forward direction (towards increasing
values of z), it is defined that the pulse is injected at the position z = 0 and the position of the
other fiber end is z = L. Typically, pump depletion is neglected since the power of the Raman
pumps is about two orders of magnitude above the pulse peak power [70].
The power evolution of the system can be analyzed considering an incoherent light source,
simplifying the equations since no interference process is considered. The forward (+) and
backward (−) propagation of the Raman pump powers along the fiber (P±R (z)) can be obtained
solving the following equations [70]:
dP±R (z)
dz
= ∓αRP±R (z) (7.1)
where αR is the loss at the wavelength of the Raman pump. Considering the Raman gain gR and
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Equations 7.1 and 7.2 can be solved considering the following boundary conditions: the input
Raman pump powers in the forward (+) and backward (−) directions are P+R (0) and P
−
R (L),
respectively, and the input pulse peak power is Pp(0). Thus, it is obtained the next power
evolution equations:
P+R (z) = P
+
R (0) · e
−αRz (7.3)
P−R (z) = P
−
R (L) · e
αR(z−L) (7.4)



















Considering an incoherent process for simplicity, the power of the backscattered signal from
a position z0 will be:
P z0b (z0) = αRbWPp(z0) (7.6)
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The backscattered signal will travel along the fiber in the backward direction suffering fiber













Solving the Equation 7.7, the evolution of the backscattered power is:
P z0b (z ≤ z0) = P
z0




















Finally, the power that reaches the detector (z = 0) backscattered from the position z0 will
be:
P z0b (0) =
Pp(z0)
Pp(0)





Distributed amplification has proven to be a powerful tool to enhance the range of conventional
φOTDR sensors, as the probe power along the fiber can be kept at a relatively high level all along
the sensing fiber without reaching non-linearities [21,26,27]. Nevertheless, the use of distributed
amplification in these schemes requires a careful optimization of both the probe peak power and
the Raman pump powers launched in both directions of the sensing fiber [21]. The optimization
not evident, and is generally done with two basic guidelines: (1) the power of the input pulse has
to be kept low enough to avoid MI in the probe pulse and (2) the Raman gain is only interesting
up to the point of overcoming the thermal noise limitations of the detector. Beyond that point,
the expectable SNR increase is marginal, and moreover the RIN transfer from the Raman pump
to the detected signal starts to dominate, as it grows exponentially with the pump power.
The setup used to measure vibrations over long fiber distances is presented in Figure 7.1.
It is based on a Chirped-Pulse φOTDR scheme [134, 167–170, 176] but including a Continuous
Wave (CW) Raman pump. The Raman pump is applied at the two ends of the sensing fiber
aimed at compensating the energy loss of both the probe pulse and the reflected trace along the
fiber, and consequently achieving larger measurement ranges.
The probe light source is a Laser Diode (LD) with a linewidth of 10 kHz emitting at 1549.35
nm and working in continuous emission. A standard current and temperature (I&T) controller
is used to select the emitted central wavelength of the LD. A secondary current control generates
a repetitive ramp signal to induce a linear chirp in the LD output. A Semiconductor Optical
Amplifier (SOA), fed by an electrical square signal, gates the output LD light creating linearly
chirped optical pulses. The 2.5 ns rise/fall times and Extinction Ratio (ER) of >50 dB of the
SOA allow us to generate 100 ns-width quasi-square-shaped pulses with high ER. This leads to
a spatial resolution of 10 m in the phase-sensitive reflectometer scheme [3]. The ramp signal is
controlled so that the resulting linearly chirped pulse has a total spectral content of 630 MHz.
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Figure 7.1: Experimental setup of Chirped-Pulse φOTDR with first-order Raman amplification
[181]. LD, Laser Diode; SG, Signal Generator; SOA, Semiconductor Optical Amplifier; EDFA,
Erbium Doped Fiber Amplifier; DWDM, Dense Wavelength Dense Multiplexer; TA, Tunable
Attenuator; I&T, Current and Temperature.
The pulse power is boosted using an Erbium Doped Fiber Amplifier (EDFA). In order to
eliminate the Amplified Spontaneous Emission (ASE) added by the EDFA, a Dense Wavelength
Division Multiplexer (DWDM) with a spectral width of 100 GHz is used. The remained ASE
centered at the pulse frequency (distributed temporally outside the pulse), induces intra-band
noise, which generally is an important limitation in phase-sensitive reflectometers [34]. To avoid
this, in addition to the optical filter, the pulse is temporally gated using an optical switch with
rise/fall times of 100 ns and a typical ER of 25 dB. The three used electrical signals (i.e., the ramp
applied at the secondary current control, and the square signals for the SOA and switch) are
generated by the same Signal Generator (SG), which ensures a perfect synchronization between
them.
The generated linearly chirped optical pulse is then launched into the Fiber Under Test
(FUT). Previously, a Tunable Attenuator (TA) controls the power injected into the FUT to
avoid non-linearities in the fiber such as MI [106, 107]. The FUT is composed of two fiber
spools of 50 and 25 km respectively, constituting a total sensing fiber of 75 km. Vibrations
were applied along 20 meters strapped around a Piezoelectric Transducer (PZT) and situated
after the first fiber spool at the kilometer 50, which is the point with less Signal to Noise Ratio
(SNR) when the bidirectional distributed Raman amplification is applied. The Raman pump is
a CW Raman Fiber Laser (RFL) emitting at 1455 nm with a Relative Intensity Noise (RIN)
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< −110 dBc/Hz, which can achieve emission powers of up to 2 W. In our scheme, the RFL
was emitting a total power of ∼700 mW. The RFL beam is divided by a 50/50 optical coupler
resulting in two beams of 350 mW. A TA is employed to reduce one of the beams to 230 mW.
Two Wavelength Division Multiplexers (WDM) are used to inject the Raman pump into the
FUT. The chirped probe pulse and the Raman pumps are conducted through the 1550 and 1450
ports of the WDMs, respectively (see Figure 7.1). The 350 mW and 230 mW beams are co-
propagated and contra-propagated with the pulse, respectively. This unbalanced bidirectional
pumping scheme has been chosen as it provides a good trade-off between noise and non-linear
impairments.
The light backscattered from the fiber is first filtered in using a tunable optical filter with a
spectral width of 15 GHz to minimize the ASE generated by the Raman pump before detection.
Then, the filtered backscattered signal is amplified by another set of EDFA and DWDM. Finally,
the resulting backscattered signal is detected by a p-i-n photodetector with a bandwidth of 1
GHz and recorded by a high-speed digitizer with 40 GHz sampling rate.
7.2.3 Results
7.2.3.1 Analysis of the System Limitations: SNR and Non-Linear Effects
In this subsection, the SNR of the Raman-assisted Chirped-Pulse φOTDR and the induced
distortions in the propagating probe pulses are analyzed.
The theoretical models of signal and noise evolution used in this study have been already
described in the literature [21,182], and the different component parameters have been adapted
to our particular devices. Compared to a conventional Raman-assisted φOTDR, it is interesting
to note here that the problem of optimization in the Raman-assisted Chirped-Pulse φOTDR case
is quite different, as the bandwidth of the signal of interest is typically one order of magnitude
larger than in conventional φOTDR. This implies that the photodetector bandwidth is much
larger, and that the weight of thermal noise in the equations is substantially larger than in the
conventional scheme.
To illustrate which is the maximum range measurable in a non-amplified and in an amplified
Chirped-Pulse φOTDR respectively, we provide a clarifying example in what follows. Figure 7.2
- top shows a trace obtained in our system by injecting 100 ns-width square pulses with 150
mW peak power in a 75 km fiber. This value of peak power has been proven experimentally
to be the limit for the onset on non-linear effects in this case. As it can be observed, the
maximum measurable range with a reasonable SNR in the detected trace is around 20 km. Here,
the most important sources of noise are the thermal noise of the photodetector and the ASE
noise introduced by the EDFA. Next, we examine the achievable range when using distributed
amplification. For this purpose, we employ the configuration described in the previous section;
namely, using first-order Raman amplification. Figure 7.2 – bottom shows the detected trace
when the input pulse peak power is 25 mW (limit for the onset on non-linear effects in this case,
as proved below) and first-order Raman amplification is implemented. In this case, although the
noise level is higher due to the Raman ASE, the entire trace shows good SNR, which will allow
for the monitoring of vibrations along the whole fiber (75 km).
A deeper SNR analysis of the optimized Raman-assisted and the conventional configuration
is subsequently developed and presented in Figure 7.3. The average value of the experimentally
obtained traces (in Figure 7.2) is shown in black in Figure 7.3, which is obtained by calculating
a moving average of the traces after 100 times averaging. The resulting curves are normalized
to the noise level of a single trace. As mentioned, a theoretical analysis of the evolution of
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Figure 7.2: Detected traces in the experiment. Top - without distributed amplification and
input peak power of 150 mW; Bottom - with distributed amplification and input peak power of
25 mW [181].
the traces are carried out using available models [21, 182], and the results are presented in red
showing an excellent agreement with the experimental results.
Figure 7.3: Detected traces and noise levels in logarithmic scale. The traces are normalized to
their noise floor level. Top - without distributed amplification and input peak power of 150 mW;
Bottom - with distributed amplification and input peak power of 25 mW [181].
In the case without distributed amplification (Figure 7.3 – top), an exponentially decaying
trace is clearly visible, with an attenuation coefficient of αT ∼ 0.4 dB/km. This corresponds
to the double of the attenuation coefficient of the used fiber (∼0.2 dB/km), as expected from
the fact that the pulse is attenuated in the forward direction while the backscattered light is
attenuated in the backward direction (i.e. the net attenuation suffered by the optical trace is
twice that of a single pass). On the other hand, the standard deviation of the different noise
sources that affect the trace are also included in the figure. In particular, the thermal noise
induced by the photodetector and the ASE noise introduced by the used EDFA have been
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accounted for, resulting in a standard deviation of σEDFA+Thermal = 1.86 µW. It can be easily
observed that the trace is completely buried under the noise after 25 km, and shows an SNR of
3 dB (minimum target SNR) at around only 17 km.
However, regarding the case with distributed amplification (Figure 7.3 – bottom), the trace
SNR is always higher than 3 dB along the entire fiber (75 km). It is worth mentioning that this
value of SNR is enough to measure vibrations, as it will be shown in the following Subsection
7.2.3.2. In this case, the theoretical signal and noise evolutions are obtained by considering
the experimental input pulse peak power (25 mW) and Raman pump powers (350 mW and
230 mW co-propagating and counter-propagating to the pulse, respectively) [21, 182]. Losses
of around 1 dB are estimated in the connection between the two fiber spools. Moreover, the
noise produced by the Raman ASE is to the total noise, together with the ASE-ASE beat
of the Raman pump [182]. An excellent match between experimental and theoretical values
is obtained, including the noise levels. In particular, the estimated noise generated by these
two contributions from the Raman source is σRaman ∼ 1.40 µW (an optical bandwidth of 15
GHz and detection bandwidth of 1 GHz were considered). Thus, the total noise is given by
σT =
√
σ2EDFA+Thermal + σ2Raman = 2.28 µW. The estimation of σRaman is in good agreement
with the value obtained experimentally for σT, which is ∼ 1.32 µW.
Next, the effects of MI on the proposed system are analyzed. For this purpose, probe pulses
with different values of peak power are injected into the fiber, propagated along the 75 km fiber
and subsequently analyzed with an Optical Spectrum Analyzer (OSA). The results are presented
in Figure 7.4. The obtained results reveal that the pulses are spectrally distorted when their
peak power is higher than 50 mW. In contrast, the effect of MI is negligible when the pulse peak
power is 25 mW or below. Thus, a peak power of 25 mW seems in this case ideal to obtain the
best SNR in the detected trace while avoiding non-linear effects.
Figure 7.4: Measured spectrum after the propagation along the FUT (75 km) of pulses with 25
mW and 50 mW. The reference pulse spectrum is represented in black [181].
In addition, as it was previously explained, it is essential to maintain the linearity in the
pulse instantaneous frequency profile for the proper behavior of the sensor. Therefore, we finally
study whether the instantaneous frequency profile is distorted during the pulse propagation
along the fiber. Hence, the intensity and instantaneous frequency profiles of the probe pulse at
the beginning and at the end of the FUT are measured by means of coherent detection [115].
Recall that the pulse peak power is 25 mW and the fiber length is 75 km. The measurements are
represented in Figure 7.5. In particular, Figure 7.5 – top shows the intensity profile of the pulse
134 Long Range Chirped-Pulse φOTDR
at the beginning of the fiber (in black) and after propagation (red). It can be concluded that the
intensity profile remains almost unchanged after the propagation. Figure 7.5 – bottom shows
the instantaneous frequency profile of the pulse before (black) and after propagation (red). It
is also possible to observe that the instantaneous frequency profile is not distorted and remains
basically linear after the 75 km propagation. These results confirm that the employed optical
pulse does not suffer from non-linear effects along the FUT when its peak power is kept below 25
mW. Under this precondition, vibrations can be properly measured using the presented scheme,
as we will demonstrate in the next section.
Figure 7.5: Measured optical pulses for characterization of distortions induced in the propagation
along the FUT (75 km). The input pulse and the transmitted pulse are represented in black
and red, respectively. The intensity profile is represented in the top of the figure and the
instantaneous frequency profile in the bottom [181].
Other important concerns of the use of Raman-assisted configurations are usually the RIN
transfer from the pump to the signal and the pump depletion. Interestingly, in our system
the effect of the RIN transfer is equivalent to the effect in a standard φOTDR, since the af-
fected bandwidth remains essentially similar in both cases (for these distances, the RIN transfer
problem is spectrally bounded below 100 MHz for standard fibers, so it fully enters into the
bandwidth of standard φOTDR detection) [21]. This means that there is basically no extra
RIN noise in this case over the standard φOTDR case. Besides, simulations indicate that the
temporal pulse degradation due to the pump depletion typically arises at peak powers much
higher than the MI threshold, so we are always working within the safe operation range of the
amplifier.
7.2.3.2 Vibration Sensing Over Long Distances
The feasibility of the presented sensor for dynamic measurement of strain with nano-strain
resolution over 75 km of standard single-mode fiber is demonstrated in this section. A 20 m
fiber section is strapped around a PZT in the 50 km of the FUT (which is the point with
less SNR in the detected trace, namely 3 dB). The PZT is fed with a sinusoidal signal whose
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frequency is modulated from 70 Hz to 150 Hz with a period of 10 s, thus applying a controlled
vibration in the perturbed fiber section. The optical pulses are injected into the fiber with a
repetition rate of 1 kHz, allowing us to measure up to 500 Hz vibrations, which is very close to
the limit imposed by the pulse time of flight (700 Hz) [34]. The optical pulse length is 100 ns,
its spectral content is 630 MHz and the traces are digitized with 40 GSps sampling rate. With
these parameters, the system has a spatial resolution of 10 m and strain resolution of 1 nε [167].
The dynamic strain measurements are shown in Figure 7.6. The applied vibration is measured
along 20 s (two frequency modulation periods between 70 Hz and 150 Hz). Figure 7.6(a) shows
a detail of the measured strain between the instants 4.6 s and 4.8 s. The observed vibration
amplitude is ∼50 nε. In this case, the measured strain is calculated by correlating all the
measured traces always with the first one. Due to the fact that the maximum applied strain is
∼50 nε, the maximum frequency shift is ∼8 MHz, which is much lower than the spectral content
of the pulse (630 MHz). For this reason, the measurement process is developed properly.
(a) (b)
Figure 7.6: Measured strain variations when a vibration (with linearly modulated frequency
from 70 Hz to 150 Hz with a period of 5 s) is applied by a PZT in 20 m of fiber around kilometer
50 of the FUT during 20 s. a) Detail between 4.6 s and 4.8 s; b) Spectrogram (logarithmic scale
– dB) along 20 s (instantaneous frequency calculated using a moving window of 300 ms width
of the measured dynamic strain) [181].
Figure 7.6(b) presents the spectrogram of the measured vibration along 20 s. The instanta-
neous frequency of the spectrogram is calculated using a moving window of 300 ms width. It is
observed that the vibration is measured with an SNR >20 dB, which allows us to successfully
detect and quantify the applied sinusoidally-varying vibration signal. Here it is worth noting
that in Chirped-Pulse φOTDR, the vibration measurement SNR relies on measurements of time
shifts in sections of the trace, rather than on intensity/phase variations in single point of the
trace. That is why it is possible to obtain a measurement SNR higher than the trace SNR. Also,
as it has been previously demonstrated in Chapter 5, Chirped-pulse φOTDRs, unlike traditional
φOTDRs, can provide absolute values of refractive index variations from the direct detection
of the trace. This is well demonstrated herein, where the amplitude of the applied vibrations
is well recorded and moreover, no harmonic component appears in Figure 7.6(b). It is worth
highlighting that the presented results are obtained with no averaging (single shot), using direct
detection (no phase recovery) and in the fiber point with lower SNR, which clearly demonstrates
the potential of this system.
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7.3 Conclusions
In this chapter, it has been proposed first-order Raman amplification as a suitable technique
to extend the range of Chirped-Pulse φOTDR. To prove the viability of using this distributed
amplification technique and experimental set up with 75 km of optical fiber has been imple-
mented. The spatial resolution is in the order of typical values for this technology (10 m) and
no averages were applied. The experimental measurements have been compared with numerical
results and it has been shown their agreement. In terms of measurement range, this implies
a six-fold improvement over the previous best published result using this technique [134]. Dy-
namic linear strain has been measured with a resolution of 1 nε, allowing precise detection and
characterization of vibrations up to 500 Hz. The system was tested with a vibration whose
frequency was modulated from 70 Hz to 150 Hz with a period of 10 s. The system can measure
those vibrations with 20 dB SNR in the position of worse SNR of the trace, which is obtained
in km 50 of the FUT. To date, it is the first system capable to realize linear and dynamic strain
measurements along such long distance without the need for coherent detection, to the best of
our knowledge. Additionally, the power limits for the onset of non-linear effects in the probe
pulse during its propagation along the fiber have been studied. It is confirmed that the probe
pulse does not suffer any distortion in its propagation along the FUT (neither in the intensity
shape nor in the linear instantaneous frequency profile) whenever a proper value of input peak
power is selected (below 25 mW in our particular setup).
Chapter 8
Conclusions and Open Lines
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8.1 Conclusions and Original Contributions
Throughout this thesis dissertation, all the proposed objectives presented in Chapter 1 have been
accomplished. The main original contributions of this dissertation and the final conclusions are
the following ones:
• The most important linear and non-linear effects involved in a phase-sensitive Optical
Time Domain Reflectometry (φOTDR) sensor have been studied. Particularly, the study
has been focused on the phenomena of: Scattering Rayleigh, non-linear refraction, Self-
Phase Modulation (SPM) and Modulation Instability (MI). The first is the basis of the
sensor, and the others are the origin of its limitations. Other concepts such as Raman and
Brillouing scattering processes, optical coherence and Chirped Pulse Amplification (CPA)
are explained for the complete understanding of the text.
• A proper state of the art on φOTDR sensors has been presented. Two of the main lim-
itations of this technique were studied and analyzed in detail. First, φOTDR presents a
non-linear response to refractive index changes. Thus, in principle, φOTDR cannot quan-
tify strain or temperature changes. Phase recovery or frequency sweep is required for that
purpose. Second, as every distributed fiber sensor, there is a critical trade-off between the
spatial resolution and range in φOTDR based sensors. Signal to Noise Ratio (SNR) de-
pends on the amount of energy of the employed optical pulses. Increasing the input pulse
peak power or the pulse duration (loosing spatial resolution) the SNR can be increased.
However, the peak power cannot be increased indefinitely due to the onset of non-linear
effects. This is a huge problem when high resolution measurements must be implemented
as in wall or pipeline crack development monitoring, in which there is not enough SNR to
develop any measurement.
• The impact of the use of probe pulses with different beam shapes on the backscattered
power trace of φOTDR systems has been studied. The results show that rectangular-like
pulses are the most detrimental for the range and sensitivity of φOTDR-based sensors,
which are the most commonly used in these sensors. Nevertheless, Gaussian and triangular-
shaped pulses show a better behavior in terms of evolution of the visibility along the
distance, since a Gaussian or triangular envelope pulse limits the effect of modulation
instability and mitigates the advent of the FPU recurrence. This enables an increase of
the length range and sensitivity of the sensing system for the same peak power and nominal
spatial resolution.
• In collaboration with the Institut National de la Recherche Scientifique (INRS) in Montreal
(Canada), millimeter spatial resolution measurements were performed using a φOTDR sen-
sor combined with CPA concepts. In the proposed technique, input pulses are temporally
stretched by a suitable dispersive device, and the backscattered traces are re-compressed
in the optical domain prior to detection. Implementing this idea, the probe pulse energy is
substantially increased and the resulting SNR is higher without compromising the spatial
resolution of the sensor. In our particular case, the chosen dispersive device is a Linearly
Chirped Fiber Bragg Grating (LC-FBG). An SNR increase of 20 dB over the traditional
φOTDR architecture in a system with 3 mm spatial resolution is demonstrated. The
technique does not need coherent detection or signal post-processing. To the best of our
knowledge, this is the first φOTDR capable of developing millimeter spatial resolution
measuring.
• A methodology to obtain a linear response of a φOTDR based on the phase reconstruc-
tion of the backscattered signals using a self-refereed technique has been proposed. To
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do this, we have study the applicability of Phase Reconstruction using Optical Ultrafast
Differentiation (PROUD) in the regimes of φOTDR. The applicability of this technique
to φOTDR is demonstrated by characterizing propagation-induced distortions in pulses
in bandwidth regimes similar to those typically used in φOTDR. The bandwidth of the
employed optical pulses was around 4 GHz, which fits with the commonly employed when
coding is implemented in φOTDR.
• It has been provided a method based on φOTDR using chirped pulses to allow for the
measurement of distributed strain and temperature changes, in a single shot and without
the requirement of a frequency scan. In this system, a perturbation in the refractive index
of the fiber is translated into a localized, controlled temporal shift of the backscattered
trace. This temporal shift is proportional to the applied perturbation. The temporal shifts
are calculated by means of temporal cross-correlations trace to trace. The complexity of
the system is therefore not significantly increased when compared to traditional φOTDR
systems using intensity-based detection. With the proposed method, it is possible to
combine the best features of φOTDR which had been previously demonstrated by separate:
on the one hand, fast measurements with a bandwidth only limited by the fiber length,
potentially over several tens of kilometers with metric spatial resolutions; on the other
hand, the linear measurement of temperature/strain variations with resolutions which can
be several orders of magnitude below those provided by Brillouin. Since the measurement
is relative, the range of temperature/strain measurements is in principle not limited, being
in practice determined by how the cumulative errors of the measurement are handled. The
technique allows for measurements at kHz rates, while maintaining reliability over several
hours of measurement. The sensitivity can also be tuned by acting on the chirp of the
pulses. Temperature/strain resolutions of 0.5mK/4nε were demonstrated.
• It was noticed that the laser phase-noise has an important detrimental impact in Chirped-
Pulse φOTDR-based sensors. The random frequency drifts of the laser generate different
temporal shifts in the traces. Thus, laser phase-noise induces an uncertainty in the temper-
ature/strain measurement which is directly proportional to the laser frequency fluctuations
(also proportional to the linewidth). Hence, narrower laser linewidths allow a significant
increase in the SNR of the strain recording. Particularly, when the laser linewidth was
decreased from 5 MHz to 25 kHz, an SNR enhancement of ∼22 dB was obtained. Ad-
ditionally, a simple technique was presented to mitigate the induced temperature/strain
uncertainty. When a fiber section is mechanically and thermally isolated, it is possible to
quantify the laser frequency deviations and then compensate them. By using this method,
up to 17 dB SNR enhancement has been achieved. This method reveals the robustness of
Chirped-Pulse φOTDR. Without phase recovery or frequency sweep, single shot and quan-
titative strain/temperature measurements with high SNR are implemented using relatively
low coherent laser sources.
• First-order Raman amplification was implemented to increment the sensing range of Chirped-
Pulse φOTDR. The system was tested detecting vibrations in a 75 km fiber. The system
can measure those vibrations with 20 dB SNR in the position of worse SNR of the trace,
which is obtained in km 50 of the FUT. To date, it is the first system capable to realize
linear and dynamic strain measurements along such long distance without the need for
coherent detection, to the best of our knowledge. Additionally, the power limits for the
onset of non-linear effects in the probe pulse during its propagation along the fiber was
studied, showing no distortion when the peak power selected was below 25 mW.
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8.2 Open Lines
The work presented in this thesis represents a remarkable improvement in the performance of
φOTDR-based sensors. Chirped-Pulse Phase-Sensitive Time Domain Reflectometry has enabled
a new generation of distributed acoustic sensors with improved performances, including notably
a total absence of fading points in the signal sensitivity, a linear response and high sensitivity for
measuring in real time temperature and strain. This technique would be a very interesting option
for seismic, security and energy/environmental applications. In last months, it has attracted the
interest of a large number of institutions (e.g Caltech, CEA) and companies (ADIF, INDRA,
FLUVES, INPHOTECH. . . ). Some of the possible applications of this new sensor that would
be interesting to explore are the following ones:
• Chemical gas, ionizing radiation and magnetic fields sensing.
• Micro-leaks and micro-earthquakes detection.
• Distributed anemometer and bolometer.
• Monitoring the rolling process of optical fiber in a coil.
Noting that the “raw signal” for φOTDR is based on trace local displacements (differing from
the traditional φOTDR), it would also be interesting to research for specific algorithms for this
task, analyzing a suitable trade-off between computational cost and performance improvement.
While the use of 2D algorithms (space & time) for the determination of trace local displacements
can surely achieve better results than using the information of a single trace, such algorithms
may be computationally too heavy and not suitable for real-time operation, as is intended for
these sensors. On the other hand, simpler algorithms and/or trace pre-processing/denoising
could provide better results than a simple use of cross-correlation.
While in this thesis high sensitivities have been achieved with Chirped-Pulse φOTDR, an
in-depth discussion on the performance limits of the technique is yet to be developed. It would
be interesting to analyse pratical/theoretical limits both on the optical domain (chirp slope,
optical setup, etc.) and digital domain (signal processing/denoising, etc), as well as the perfor-
mance trade-offs (spatial resolution vs SNR vs performance vs computational costs), aiming to
understand what are the ultimate performance limits of this technique.
Further investigations on new signal processing approaches for further signal de-noising, en-
hanced sensitivity, improved spatial resolution and extended distance range are to be done.
Furthermore, the development of pioneering artificial intelligence methods for pattern recogni-
tion, interpretation and alarm-raising in various possible end user scenarios (dike monitoring,
offshore windfarms, energy transport, seismic array monitoring, perimeter security, etc) should
also be developed.
While the absence of fading points in Chirped-Pulse φOTDR technique provides a remarkable
improvement compared to the traditional φOTDR, where phase cannot be measured in trace
points with low optical power, this improvement has not been quantified. A statistical study
comparing the SNR variability of traditional φOTDR VS Chirped-Pulse φOTDR, providing a
mathematical description of the system performance from the best to the worst point of trace
SNR, would help quantifying one of the main improvements of this technique.
Another open line is related to the use of PROUD in φOTDR and measure real strain and
temperature variations in an optical fiber using this phase recovery technique. In Chapter 4 the
possibility of using PROUD in φOTDR is discussed. The applicability was demonstrated by
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characterizing propagation-induced distortions in pulses in bandwidth regimes similar to those
typically used in φOTDR. However, the phase of the backscattered signal has not been recovered.
There is still a lot of work to be done on this subject.
Studying the applicability of the developed millimetrical φOTDR based on CPA concepts
in new applications would be also interesting. We think the technique is particularly suitable
for wall or pipeline crack development monitoring. These kind of breaks are characterized by
being very small. For this reason, a conventional φOTDR sensor is not well adapted to this
applications. In contrast, our proposal based on CPA concepts could give a reliable solution.
Finally, we found interesting to develop a φOTDR employing both CPA concepts and the
advantages of using chirped-pulses. As the reader can imagine, a hybrid sensor based on the
use of chirped-pulses for linear sensing and CPA concepts to increase the resolution would be
disruptive.
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naz, and M. González-herráez, “Raman-Assisted Brillouin Distributed Temperature Sensor
Over 100km Featuring 2m Resolution and 1.2C Uncertainty,” IEEE Journal of Lightwave
Technology, vol. 30, no. 8, pp. 1060–1065, 2012.
[7] K. Y. Song, M. Kishi, Z. He, and K. Hotate, “High-repetition-rate distributed Brillouin
sensor based on optical correlation-domain analysis with differential frequency modula-
tion,” Optics Letters, vol. 36, no. 11, p. 2062, jun 2011.
[8] Y. Peled, A. Motil, and M. Tur, “Fast Brillouin optical time domain analysis for dynamic
sensing,” Optics Express, vol. 20, no. 8, p. 8584, apr 2012.
[9] Y. Peled, A. Motil, I. Kressel, and M. Tur, “Monitoring the propagation of mechanical
waves using an optical fiber distributed and dynamic strain sensor based on BOTDA,”
Optics Express, vol. 21, no. 9, p. 10697, may 2013.
[10] A. Masoudi, M. Belal, and T. P. Newson, “Distributed dynamic large strain optical fiber
sensor based on the detection of spontaneous Brillouin scattering.” Optics letters, vol. 38,
no. 17, pp. 3312–5, sep 2013.
[11] W. Eickhoff and R. Ulrich, “Optical frequency domain reflectometry in single-mode fiber,”
Applied Physics Letters, vol. 39, no. 9, pp. 693–695, nov 1981.
143
144 BIBLIOGRAPHY
[12] S. Kingsley and D. Davies, “OFDR diagnostics for fibre and integrated-optic systems,”
Electronics Letters, vol. 21, no. 10, pp. 434–435, may 1985.
[13] J. von der Weid, R. Passy, G. Mussi, and N. Gisin, “On the characterization of optical fiber
network components with optical frequency domain reflectometry,” Journal of Lightwave
Technology, vol. 15, no. 7, pp. 1131–1141, jul 1997.
[14] M. Froggatt and J. Moore, “High-spatial-resolution distributed strain measurement in
optical fiber with Rayleigh scatter,” Applied Optics, vol. 37, no. 10, p. 1735, apr 1998.
[15] P. Oberson, B. Huttner, O. Guinnard, L. Guinnard, G. Ribordy, and N. Gisin, “Optical
frequency domain reflectometry with a narrow linewidth fiber laser,” IEEE Photonics
Technology Letters, vol. 12, no. 7, pp. 867–869, jul 2000.
[16] B. J. Soller, D. K. Gifford, M. S. Wolfe, and M. E. Froggatt, “High resolution optical
frequency domain reflectometry for characterization of components and assemblies,” Optics
Express, vol. 13, no. 2, p. 666, 2005.
[17] D.-P. Zhou, Z. Qin, W. Li, L. Chen, and X. Bao, “Distributed vibration sensing with
time-resolved optical frequency-domain reflectometry,” Optics Express, vol. 20, no. 12, p.
13138, 2012.
[18] D. Yang, L. Tiegen, D. Zhenyang, H. Qun, L. Kun, J. Junfeng, C. Qinnan, and F. Bowen,
“Cryogenic temperature measurement using Rayleigh backscattering spectra shift by
OFDR,” Photonics Technology Letters, vol. 26, no. 11, pp. 1150–1153, 2014.
[19] Y.-J. Rao, J. Luo, Z.-L. Ran, J.-F. Yue, X.-D. Luo, and Z. Zhou, “Long-distance fiber-optic
Φ-OTDR intrusion sensing system,” J. D. C. Jones, Ed., vol. 7503. International Society
for Optics and Photonics, oct 2009, p. 75031O.
[20] J. Wang, X.-H. Jia, Y.-J. Rao, and H.-J. Wu, “Phase-sensitive optical time-domain reflec-
tometer based on bi-directional Raman amplification,” Acta Physica Sinica, vol. 62, no. 4,
2013.
[21] H. F. Martins, S. Martin-Lopez, P. Corredera, M. L. Filograno, O. Frazao, and
M. Gonzalez-Herraez, “Phase-sensitive optical time domain reflectometer assisted by first-
order raman amplification for distributed vibration sensing over >100 km,” Journal of
Lightwave Technology, vol. 32, no. 8, pp. 1510–1518, 2014.
[22] H. F. Martins, S. Martin-Lopez, M. L. Filograno, P. Corredera, O. Frazão, and
M. Gonzalez-Herraez, “Comparison of the use of first and second-order Raman amplifica-
tion to assist a phase-sensitive optical time domain reflectometer in distributed vibration
sensing over 125 km,” in 23rd International Conference on Optical Fibre Sensors, vol. 9157,
2014, p. 91576K.
[23] H. F. Martins, S. Martin-Lopez, P. Corredera, J. D. Ania-Castanon, O. Frazao, and
M. Gonzalez-Herraez, “Distributed Vibration Sensing Over 125 km With Enhanced SNR
Using Phi-OTDR Over a URFL Cavity,” Journal of Lightwave Technology, vol. 33, no. 12,
pp. 2628–2632, 2015.
[24] F. Peng, H. Wu, X.-H. Jia, Y.-J. Rao, Z.-N. Wang, and Z.-P. Peng, “Ultra-long high-
sensitivity Φ-OTDR for high spatial resolution intrusion detection of pipelines,” Optics
Express, vol. 22, no. 11, p. 13804, jun 2014.
BIBLIOGRAPHY 145
[25] J. Li, Z. Wang, L. Zhang, F. Peng, S. Xiao, H. Wu, and Y. Rao, “124km phase-sensitive
OTDR with Brillouin amplification,” in 23rd International Conference on Optical Fibre
Sensors, 2014, vol. 9157, 2014, p. 91575Z.
[26] Z. N. Wang, J. Li, M. Q. Fan, L. Zhang, F. Peng, H. Wu, J. J. Zeng, Y. Zhou, and Y. J. Rao,
“Phase-sensitive optical time-domain reflectometry with Brillouin amplification,” Optics
Letters, vol. 39, no. 15, p. 4313, 2014.
[27] Z. N. Wang, J. J. Zeng, J. Li, M. Q. Fan, H. Wu, F. Peng, L. Zhang, Y. Zhou, and Y. J. Rao,
“Ultra-long phase-sensitive OTDR with hybrid distributed amplification,” Optics Letters,
vol. 39, no. 20, pp. 5866–5869, 2014.
[28] P. Healey and D. J. Malyon, “Otdr in single-mode fiber at 1.5-mu-m using heterodine-
detection,” Electronics Letters, vol. 18, no. 20, pp. 862–863, 1982.
[29] R. Posey Jr., G. A. Johnson, and S. T. Vohra, “Strain sensing based on coherent Rayleigh
scattering in an optical fibre,” Electronics Letters, vol. 36, no. 20, pp. 1688–1689, 2000.
[30] Y. Lu, T. Zhu, L. Chen, and X. Bao, “Distributed vibration sensor based on coherent
detection of phase-OTDR,” Journal of Lightwave Technology, vol. 28, no. 22, pp. 3243–
3249, 2010.
[31] A. Masoudi, M. Belal, and T. P. Newson, “A distributed optical fibre dynamic strain sensor
based on phase-OTDR,” Measurement Science and Technology, vol. 24, no. 8, p. 085204,
aug 2013.
[32] Z. Wang, L. Zhang, S. Wang, N. Xue, F. Peng, M. Fan, W. Sun, X. Qian, J. Rao, and
Y. Rao, “Coherent Φ-OTDR based on I/Q demodulation and homodyne detection,” Optics
Express, vol. 24, no. 2, p. 853, jan 2016.
[33] G. Tu, X. Zhang, Y. Zhang, F. Zhu, L. Xia, and B. Nakarmi, “The development of an
Φ-OTDR system for quantitative vibration measurement,” IEEE Photonics Technology
Letters, vol. 27, no. 12, pp. 1349–1352, jun 2015.
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tins, José Azaña, S. Martin-Lopez, and Miguel Gonzalez-Herraez, “SNR enhancement in
high-resolution phase-sensitive OTDR systems using chirped pulse amplification concepts,”
Optics Letters, vol. 42, no. 9, pp. 1728-1731, 2017.
• Maria R. Fernández-Ruiz, Hugo F. Martins, Juan Pastor-Graells, S. Martin-Lopez,
and Miguel Gonzalez-Herraez, “Phase-sensitive OTDR probe pulse shapes robust against
modulation-instability fading,” Optics Letters, vol. 41, no. 24, pp. 5756–5759, 2016.
• Juan Pastor-Graells, Hugo F. Martins, Andres Garcia-Ruiz, Sonia Martin-Lopez, and
Miguel Gonzalez-Herraez, “Single-shot distributed temperature and strain tracking using
direct detection phase-sensitive OTDR with chirped pulses,” Optics Express, vol. 24, no.
12, pp. 13121-13133, 2016.
• Hugo F. Martins, Juan Pastor-Graells, Luis Romero Cortés, Daniel Piote, Sonia Martin-
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Symbol Physical Meaning Units
α (αdB) Fiber Attenuation km
−1 (dB/km)
αR Fiber Attenuation due to Rayleigh Scattering dB/km o km
−1
αRb Rayleigh Backscattering Coefficient dB/m o m
−1
β Fiber Propagation Constant m−1
β1 Group Velocity Inverse ps/km
β2 Group Velocity Dispersion ps
2/km
Φ̈ Second-Order Dispersion ps2
γ Non-Linear Parameter 1/W·km
ε (ε0) Electric Permittivity in the Medium (in Vacuum) F/m
εr (εr,NL) Relative Permittivity (Non-Linear) -
λ Wavelength nm
λD Zero Dispersion Wavelength nm
µ0 Magnetic Permeability in Vacuum N/A
2
ω Angular Frequency rad/s
χ(i) Linear/Non-Linear Susceptibility (m/V)i−1
τc Coherence Time s
Aeff Effective Core Area µm
2
c Speed of Light in Vacuum m/s
D Chromatic Dispersion Coefficient ps · nm−1 · km−1
h Plank Constant J·s
kB Boltzmann Constant J·K−1
lc Coherence Length m
n Refractive Index -
n0 Lineal Refractive Index -
n2 Non-Lineal Refractive Index -
P Optical Power dBm or mW
vp Phase Velocity m/s






ASE Amplified Spontaneous Emission
BFS Brillouin Frequency Shift
BGS Brillouin Gain Spectrum
BOCDA Brillouin Optical Correlation Domain Analysis
BOTDA Brillouin Optical Time Domain Analysis
BOTDR Brillouin Optical Time Domain Reflectometry
OFDR Coherent Optical Frequency Domain Reflectometry
COTDR Coherent Optical Time Domain Reflectometry





DOFS Distributed Optical Fiber Sensor
DWDM Dense Wavelength Division Multiplexer
ECL External Cavity Laser
EDFA Erbium Doped Fiber Amplifier
EOM Electro-Optic Modulator
ER Extinction Ratio
FBG Fiber Bragg Grating
FIR Far-Infrared
FFT Fast Fourier Transform
FPGA Field Programmable Gate Arrays
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Acronym Meaning
FPU Fermi-Pasta-Ulam
FUT Fiber Under Test
FWHM Full-Width at Half Maximum
GVD Group Velocity Dispersion
IFFT Inverse Fast Fourier Transform
INRS Institut National de la Recherche Scientifique
I&T Current and Temperature
LC-FBG Linearly Chirped Fiber Bragg Gratings




NLSE Non-Linear Schrödinger’s Equation
NRZ Non-Return-to-Zero
OFDR Optical Frequency Domain Reflectometry
OPCR Optical Pulse Compression Reflectometry
OSA Optical Spectrum Analyzer
OTDR Optical Time Domain Reflectometry
PS Polarization Scrambler
PMF Polarization-Maintainer Fiber
POTDR Polarization Optical Time Domain Reflectometry
PRBS Pseudorandom Binary Sequence
PROUD
Phase Reconstruction using Optical Ultrafast
Differentiation
PSD Power Spectral Density
PSK Phase-Shift Keying
PZT Piezoelectric Transducer
φOTDR Phase Sensitive Optical Time Domain Reflectometry
RFL Raman Fiber Laser
RFS Raman Frequency Shift
RIN Relative Intensity Noise
RZ Return-to-Zero
SA-BOTDA Slope-Assited Brillouin Optical Time Domain Analysis




SMF Single Mode Fiber
SNR Signal to Noise Ratio
SOA Semiconductor Optical Amplifier
SOP State Of Polarization
SPM Self-Phase Modulation
SRS Stimulated Raman Scattering
THG Third−Harmonic Generation
UV Ultraviolet
WDM Wavelength Division Multiplexer
a
